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INTRODUCTION 


Lung  cancer  is  a  devastating  worldwide  public  health  hazard.  Advances  in  surgery,  radiation 
therapy,  and  chemotherapy  of  non-small  cell  lung  cancer  (NSCLC)  have  only  led  to  a  marginal 
improvement  in  five-year  survival.  To  reduce  lung  cancer  incidence  and  mortality,  it  is  imperative  to 
develop  effective  therapeutic  and  preventive  strategies  targeting  smokers  and  lung  cancer 
patients.  Our  long-term  objectives  are  to  define  the  molecular  processes  contributing  to  lung 
cancer  development  and  progression  in  order  to  recognize  genetic  and  phenotypic  changes  early 
enough  to  be  reversed  with  molecular  targeted  therapy  and  to  develop  innovative  therapeutic 
approaches  to  lung  cancer.  The  objectives  can  be  achieved  only  by  understanding  the  biology  of 
lung  cancer  through  molecular  studies  and  preclinical  experimental  molecular  therapeutic 
research.  Therefore,  the  specific  goals  of  this  program  are  to  understand  molecular  alterations  in 
lung  cancer,  develop  lung  cancer  prevention  strategies,  and  implement  experimental  molecular 
approaches  to  lung  cancer. 

PROGRESS  REPORT 


Project  1:  Mechanisms  of  Molecular  Alterations  in  Lung  Cancer 

(Project  Leader:  Li  Mao,  M.D.) 

Specific  Aim  1  To  determine  the  mRNA  complex  responsible  for  C-CAM1  splicing  and 
identify  factor(s)  regulating  exon  7  splicing. 

We  have  shown  differential  patterns  of  hnRNP  proteins  between  cells  with  distinct  CEACAM1 
splicing  patterns.  In  light  of  this  finding,  we  have  developed  Specific  Aim  5  to  determine  hnRNP 
variants  in  these  tumor  cells  and  their  role  in  regulating  CEACAM1  splicing. 

Specific  Aim  2  To  determine  function  of  identified  splicing  factor(s)  in  regulation  of 
CEACAM1  and  its  potential  alterations  in  lung  cancer 

We  have  identified  PTB  and  shown  that  it  can  regulate  splicing  of  CEACMA1  by  increasing  the 
short  form  CEACAM1.  We  also  show  that  PTB  expression  was  increased  in  most  of  primary  lung 
tumors  that  exhibited  predominant  short  form  CEACAM1  when  compared  with  matched  normal 
lung  tissues.  A  manuscript  is  in  the  final  stage  of  preparation  for  publication. 

Specific  Aim  3  To  determine  function  of  DNA  methyltransferases  and  their  role  in 
controlling  methylation  and  expression  of  critical  tumor  suppressor 
genes  and  tumor  antigen  genes. 

•  We  have  shown  that  promoter  hypermethylation  in  p76*NK4a  and  RASSF1A  tumor  suppressor 
genes  is  frequently  and  strongly  associated  with  clinical  outcomes  in  patients  with  resectable 
non-small  cell  lung  cancer.  This  study  has  been  published  in  Clinical  Cancer  Research,  2004 
(Wang  J  et  al,  Clinical  Cancer  Research  10:61 19-25,  2004). 

•  We  have  demonstrated  that  hypermethylation  of  the  death-associated  protein  kinase  promoter 
attenuates  the  sensitivity  of  human  NSCLC  cells  to  TRAIL-induced  apoptosis. 

Death-associated  protein  (DAP)  kinase  plays  an  important  role  in  IFN-gamma,  tumor  necrosis 
factor  (TNF)-alpha,  or  Fas-ligand  induced  apoptosis.  TNF-related  apoptosis-inducing  ligand 
(TRAIL)  is  a  member  of  the  TNF  ligand  family  and  can  induce  caspase-dependent  apoptosis  in 
cancer  cells  while  sparing  most  of  the  normal  cells.  However,  some  of  the  cancer  cell  lines  are 
insensitive  to  TRAIL,  and  such  resistance  cannot  be  explained  by  the  dysfunction  of  TRAIL 
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receptors  or  their  known  downstream  targets.  We  reported  previously  that  DAP  kinase  promoter  is 
frequently  methylated  in  non-small  cell  lung  cancer  (NSCLC),  and  such  methylation  is  associated 
with  a  poor  clinical  outcome.  To  determine  whether  DAP  kinase  promoter  methylation  contributes 
to  TRAIL  resistance  in  NSCLC  cells,  we  measured  DAP  kinase  promoter  methylation  and  its  gene 
expression  status  in  1 1  NSCLC  cell  lines  and  correlated  the  methylation/expression  status  with  the 
sensitivity  of  cells  to  TRAIL.  Of  the  1 1  cell  lines.  1  had  a  completely  methylated  DAP  kinase 
promoter  and  no  detectable  DAP  kinase  expression,  4  exhibited  partial  promoter  methylation  and 
substantially  decreased  gene  expression,  and  the  other  6  cell  lines  showed  no  methylation  in  the 
promoter  and  normal  DAP  kinase  expression.  Therefore,  the  amount  of  DAP  kinase  expression 
amount  was  negatively  correlated  to  its  promoter  methylation  (r  =  -0.77;  P  =  0.003).  Interestingly, 
the  cell  lines  without  the  DAP  kinase  promoter  methylation  underwent  substantial  apoptosis  even 
in  the  low  doses  of  TRAIL,  whereas  those  with  DAP  kinase  promoter  methylation  were  resistant  to 
the  treatment.  The  resistance  to  TRAIL  was  reciprocally  correlated  to  DAP  kinase  expression  in  10 
of  the  1 1  cell  lines  at  10  ng/mL  concentration  (r  =  0.91 ;  P  =  0.001 ).  We  treated  cells  resistant  to 
TRAIL  with  5-aza-2'-deoxycytidine,  a  demethylating  reagent,  and  found  that  these  cells  expressed 
DAP  kinase  and  became  sensitive  to  TRAIL.  These  results  suggest  that  DAP  kinase  is  involved  in 
TRAIL-mediated  cell  apoptosis  and  that  a  demethylating  agent  may  have  a  role  in  enhancing 
TRAIL-mediated  apoptosis  in  some  NSCLC  cells  by  reactivation  of  DAP  kinase.  (Tang  X,  et  al. 
Molecular  Cancer  Research,  2:685-691,  2004) 

Specific  Aim  4  To  determine  expression  profiles  and  abnormalities  of  DNMT3B 

isoforms  in  lung  tumorigenesis  and  their  association  with  de  novo  DNA 
methylation  patterns,  and  clinical  applications. 

•  We  have  revealed  that  expression  of  ADNMT3B  variants  in  non-small  cell  lung  cancer  is 
associated  with  patients'  clinical  outcomes 

DNMT3B  is  important  in  regulation  of  de  novo  DNA  methylation  and  often  overexpressed  in  human 
cancers  However,  an  association  between  the  overexpression  and  promoter  DNA  methylation 
status  in  cancers  is  weak.  Recent  studies  have  shown  that  DNMT3B  consists  of  multiple  variants 
due  to  alternative  splicing.  These  variants  may  have  distinct  biological  functions  in  the  regulation  of 
DNA  methylation.  In  this  study,  we  determined  expression  of  seven  splicing  variants  of  DNMT3B  in 
119  primary  non-small  cell  lung  cancer  (NSCLC)  specimens  and  their  corresponding  non- 
malignant  lung  tissues  using  specific  primer  sets.  We  analyzed  the  association  between  the 
expression  and  patients'  clinical  parameters  including  survivals.  We  further  analyzed  an 
association  between  expression  patterns  of  the  variants  and  the  promoter  methylation  status  of  the 
pi QihKta  an(j  jn  these  tumors.  We  found  that  DNMT3B  variants  were  detectable  in  94 

(80%)  of  the  119  NSCLC  tumors  and  22  (20%)  of  the  corresponding  non-malignant  lung  tissues  (P 
=  0.001 ).  DNMT3B1,  DNMT3B2,  and  DNMT3B4  were  the  most  frequently  detected  transcripts  in 
the  tumor  tissues  (61%,  74%,  and  45%,  respectively)  whereas  DNMT3B5,  DNMT3B6,  and 
DNMT3B7  were  less  frequent  and  only  detectable  in  the  tumor  tissues.  We  observed  strong 
association  between  expression  of  DNMT3B  variants  and  promoter  methylation  of  p16WK4a  and 
RASSF1A,  particularly  DNMT3B4  expression  and  RASSF1A  (P<0.0001).  The  expression  of  any  of 
the  low  frequent  DNMT3B  variants  ( DNMT3B5-7)  was  strongly  associated  with  poor  survivals  in 
patients  with  stage  I/ll  onstage  Ilia  disease  (P  values  between  0.002  and  0.0003).  In  patients  with 
stage  Ilia  disease,  the  expression  of  DNMT3B4  was  found  strongly  associated  with  poor  overall, 
disease-free,  and  disease-specific  survivals  (P<0  0001,  P=0.0007,  and  P<0.0001,  respectively). 
These  data  suggest  that  DNMT3B  variants  are  involved  in  differential  regulation  of  promoter 
methylation  in  lung  tumorigenesis  and  may  serve  as  biomarkers  in  lung  cancer  early  detection  and 
molecular  classification.  (Accepted  for  presentation  in  2005  Annual  Meeting,  American  Society  of 
Clinical  Oncology). 
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•  We  have  demonstrated  that  ADNMT3B4  plays  a  critical  role  in  cell-type-dependent  promoter- 
specific  DNA  methylation  in  NSCLC 

We  designed  a  small  interference  RNA  (siRNA)  and  an  antisense  RNA  to  specifically  target  the 
junction  of  exon  5  and  exon  7  of  ADNMT3B.  Because  both  ADNMT3B4  and  ADNMT3B2  lack  exon 
6  (Fig.  1  A),  these  strategies  are  expected  to  trigger  degradation  of  both  the  ADNMT3B4  and  the 
ADNMT3B2  transcripts.  We  used  the  NSCLC  cell  line  HI 299  in  this  experiment  because  it  shows 
promoter  methylation  of  both  pi  6  and  RASSF1A,  lacks  pi 6  and  RASSF1A  gene  expression,  and 
expresses  a  high  level  of  ADNMT3B4  but  no  detectable  DNMT3B  expression  (Fig.  IB  and  C). 


*  i  :  i  4  • 


c 

Kig.  1.  Alternative  or  aberrant  splicing  variants  of  \DNMT3B  subfamily.  .4.  Location  of 
the  primers  used  to  amplify  individual  \DNMT3B  variants  in  this  study  B,  Expression 
patterns  of  \DNMT3B  variants  in  NSCLC  cell  lines;  1-7  represent  &DNMT3BI-7, 
respectively.  C.  Expression  patterns  of  DNMTiBi,  with  more  proximal  exons 
corresponding  to  DNMT3BI—4  and  \DNMT3B6  D,  Multiplex  PCR  using  primer  sets 
for  DNMT3BI  and  ADNMT3BI  with  different  ratios  in  concentration  (concentration  of 
DSMT3BI  printer  set  was  serially  diluted  from  I  -9  and  serially  increased  from  1-9;  1, 
DNMT3BI  primer  set  alone;  9,  i\DNMT3BI  primer  set  alone,  5,  equal  concentrations 
for  both  pnmer  sets)  The  upper  band  represents  the  DNMT3B1  product  and  the  lower 
band  represents  the  A DNMT3BI  product.  The  lower  panel  shows  relative  intensity  of 
the  product  bands. 
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The  siRNA  or  the  antisense  RNA  successfully  eliminated  transcripts  of  ADNMT3B2  and 
J DNMT3B4  in  HI 299  cells  in  a  dose-  and  time-dependent  manner  but  had  no  effect  on 
ADNMT3B1  (Fig.  2A).  The  effect  was  specific  because  the  expression  levels  of  the  three 
transcripts  in  cells  treated  with  medium,  lipofectamine  alone,  lipofectamine  plus  scramble  siRNA,  or 
lipofectamine  plus  siRNA-GAPDH  did  not  change  (Fig.  2A).  We  then  analyzed  the  effect  of  a 
JDNMT3B4/2  knockout  in  the  promoter  methylation  of  pi 6  and  RASSF1A.  The  RASSF1A 
promoter  became  partially  unmethylated  in  the  cells  treated  with  20  nM  si RN A- JDA/MT3B4/2  and 


c 


»' 


jmm  .  o: 


vKS.\-ADSSfTJB4/2 
liRNA -G.iPDH 


nSS.K-ADSMDR-i} 


•,iKS \-CaPDH 


Hr.  2.  Effects  of  \DNMT}B4/2  knockout  on  H 1 2**9  cells  A,  Expression  of  \DNMT3BI, 

\DNMT3R2 .  ami  &DNMT3B4  at  different  time  points  after  treatment  measured  by  RT-PCR.  B. 

Promoter  methylation  status  of p!6INK4a  and  RASSFI  different  time  points  after  treatment 
measured  by  MSP  C  RASSFI A  gene  expression  status  at  different  time  points  after  treatment 
measured  by  RT-PCR  For  A,  B,  and  C.  M  indicates  sue  marker;  1.  treated  with  medium  alone; 

2.  treated  with  lipofectamine  alone.  3.  treated  with  lipofectamine  plus  40  nM  GAPDH-specifie 
siRNA.  4,  treated  with  lipofectamine  plus  40  nM  scramble  siRNA;  5.  treated  with  ipofcctammc  plus  10 
nM  A£WAf7TR4/2-ypecific  siRNA;  6,  heated  with  20  nM  AZ?.V,V/73fl4/2-spectfic  siRNA;  7,  treated  with 
40  nM  A/W3f73fM/2-specific  siRNA;  8.  treated  with  40  nM  \DNMTSB4/2  anusense  RNA,  neganve 
control.  +,  posinvc  control.  D,  DNMT1  protein  level  in  cells  treated  with  or  without  &DNMT3B4/2- 
speciflc  siRNA  at  the  48-h  time  point  measured  hy  Western  blot  analysis.  E,  methylation  status  of 
individual  CpG  sues  in  a  RASSFI  A  promoter  region  from  cells  treated  with  or  without  \DNMT3B4/2- 
specific  siRNA.  The  open  circles  indicate  unmethylatol  cytosine  residuals,  and  the  solid  circles  indicate 
methylated  cytosine  residuals  in  the  CpG  sites.  Each  line  represents  DNA  from  a  single  clone 
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completely  unmethylated  (defined  as  no  detectable  methylated  PCR  product  in  by  methylation- 
specific  PCR  studies)  in  the  cells  treated  with  40  nM  siRNA  at  12  h  (Fig.  2B).  At  24  h,  the  promoter 
was  completely  unmethylated  in  the  cells  treated  with  20  nM  siRNA  or  40  nM  antisense  RNA, 
whereas  it  was  completely  demethylated  at  48  h  in  the  cells  treated  with  10  nM  siRNA  (Fig.  2B). 
These  results  were  consistent  with  the  dose-dependent  reduction  of  ADNMT3B4  expression 
resulting  from  the  siRNA  or  antisense  RNA  treatment  (Fig.  2A). 

In  contrast,  promoter  methylation  of  pi 6  was  not  affected  by  the  knockout  (Fig.  2B).  Interestingly, 
RASSF1A  remained  completely  unmethylated  72  h  after  the  short-term  siRNA  or  antisense  RNA 
treatment  (Fig.  2B). 

We  then  analyzed  the  expression  status  of  RASSF1A  using  RT-PCR.  Expression  of  RASSF1A 
was  restored  in  cells  treated  with  40  nM  siRNA-zi DNMT3B4/2  or  40  nM  antisense  RNA  at  12  h, 
with  20  nM  siRNA  at  24  h,  and  with  10  nM  siRNA  at  48  h  (Fig.  2C).  RASSF1A  continued  to 
express  at  least  at  72  h  after  the  treatment  (Fig.  2C).  This  result  was  again  consistent  with  the 
dose-dependent  reduction  of  ADNMT3B4  resulting  from  the  siRNA  or  antisense  treatment  (Fig. 

2A). 

To  provide  more  quantitative  assessment  of  the  extent  of  the  demethylation,  we  performed  bisulfite 
sequencing  of  the  MSP  products  from  cells  treated  with  or  without  siRNA-.dDA/MT3S4/2.  The 
fragment  sequenced  was  part  of  the  RASSF1A  promoter  and  contained  10  CpG  sites  in  addition  to 
those  within  the  primer  sequences.  None  of  the  cytosine  residuals  at  the  10  CpG  sites  was 
converted  to  uracil  (recognized  as  thymidine  in  PCR  products)  by  the  bisulfite  in  any  of  the  14 
clones  derived  from  the  cells  12  h  after  treatment  with  40  nM  siRNA-GAPDH,  indicating  a  complete 
methylation  status  of  the  DNA  fragment,  whereas  the  cytosine  residuals  at  all  10  CpG  sites  were 
converted  to  uracil  by  the  bisulfite  in  all  14  clones  derived  from  the  cells  12  h  after  treatment  with 
40  nM  S.RHA-ADNMT3B4/2  (Fig.  2D),  an  indication  of  complete  unmethylated  status  of  the  DNA 
fragment.  These  data  verified  the  finding  that  the  ADNMT3B4/2  knockout  resulted  in  a  complete 
reversal  of  the  methylated  RASSF1A  promoter  region. 

To  exclude  the  possibility  that  the  treatment  might  affect  DNMT 1 ,  the  major  enzyme  responsible  for 
maintaining  DNA  methylation,  we  analyzed  DNMT1  protein  expression  in  HI 299  cells  treated  with 
siRNA  and  found  no  reduction  in  protein  level  (Fig.  2E),  suggesting  that  DNMT1  was  not  the 
contributing  factor  to  the  observed  promoter  demethylation.  We  then  analyzed  H358  cells,  another 
NSCLC  cell  line  with  pi  6  and  RASSF1A  promoter  methylation  and  ADNMT3B4/2  expression  (Fig. 
IB)  As  with  H1299,  the  treatment  knocked  out  ADNMT3B4/2  expression  and  resulted  in  the 
demethylation  of  the  RASSF1A  promoter  but  not  of  the  pi 6  promoter. 

We  used  a  microelectronic  cell  sensor  system  (ACEA  Biosciences,  Inc.,  San  Diego,  CA)  to 
determine  the  dynamic  change  in  cell  growth  affected  by  the  ADNMT3B4/2  knockout  (measured 
every  30  min).  In  the  HI 299  cells,  growth  was  inhibited  at  about  10  h  after  treatment  with  the 
siRN A- ADNMT3B4/2  in  a  dose-dependent  manner  or  the  antisense  RNA  (Fig.  3A).  To  determine 
the  potential  mechanism  for  inhibiting  the  growth  of  the  ADNMT3B4/2  knockout,  we  examined  the 
cell  cycle  distribution  of  the  HI 299  cells  24  h  after  treatment  using  flow  cytometry.  We  observed  a 
dose-dependent  increase  of  the  sub-Gl  fraction  in  the  cells  treated  with  the  siRN  A-  ADNMT3B4/2 
or  the  antisense  RNA  (Fig.  3B).  This  increase  indicated  that  the  treatment  had  induced  cell  death. 
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Fig.  3.  A*  Cell  indexes  (measured  every  30  mm)  reflecting  the  cell  number  and  the  area  of 
cell  attachment  to  the  plastic  surface  using  ACEA  RT-CES  System.  B,  Cell  cycle 
distribution  measured  by  flow  cytometry  (A)  treated  with  medium;  (B)  treated  with 
Iipofectaminc  alone;  (C)  treated  with  Iipofectaminc  plus  40  nM  GAPDH-specific  siRNA, 
(D)  Treated  with  Iipofectaminc  plus  40  nM  scramble  siRNA;  (E)  created  with 
lipofcctammc  plus  10  nM  \DNMT3 Z?4'?-speci fie  siRNA.  (F)  treated  with  20  nM 
\DNMT3B4/2~*pcc} fie  siRNA,  (G)  treated  with  40  nM  &J)NMTSB4/2 -specific  siRNA, 
(H),  treated  with  40  nM  \ONMT3B4  2  antisense  RNA 


By  screening  other  promoters  commonly  methylated  in  lung  cancers,  we  found  about  a  50% 
methylated  death-associated  protein  (DAP)-kinase  promoter  in  the  HI 299  cells;  such  methylation 
was  completely  eliminated  after  the  siRNA-<dDMWT3B4/2  treatment  (Table  1).  Then,  using 
pyrosequencing,  we  analyzed  the  effect  of  the  s\RNA-ADNMT3B4/2  in  repeat  DNA  sequences  (Alu 
and  LINE).  This  analysis  indicated  a  more  global  DNA  methylation  status.  In  the  HI 299  cells,  the 
treatment  resulted  in  reduced  DNA  methylation  in  the  LINE  and  Alu  sequences  but  not  in  the  H358 
cells  (Table  1).  We  analyzed  two  colorectal  cancer  cell  lines  (SW48  and  RKO)  to  determine 
whether  the  effect  of  the  siRNA-ziD/\/A/fT3B4/2  observed  in  the  NSCLC  cell  lines  also  occurred  in 
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other  tumor  types.  DNA  methylation  occurred  in  these  cell  lines  in  more  promoters  (Table  1),  and 
numerous  JDNMT3B4/2  transcripts  were  expressed  (data  not  shown).  Interestingly,  none  of  these 
promoters,  including  RASSF1A  or  the  repeat  sequences,  were  demethylated  after  ADNMT3B4/2 
was  knocked  out  by  the  s'\RNA-ADNMT3B4/2  (Table  1 ). 


Table  1.  Modification  of  DNA  methylanou  m  promoter;  and  repeat  sequences 


Method 

MSP  MSP 

MSP 

MSP 

MSP 

MSP  MSP 

Pyrorequeacme 

Pyrocecueacinz 

Sequence  name 

RIZ 

p!4 

LINE  niatHvlatioti  Alu  uietHvbriou 
MLH1  ECAD  RASSF1A  DAPK  o!6  ( ».’/  r».l 

HI 299  control 

M 

M&U  M 

50  9 

319 

HI  299  Lipo 

M 

M&U  M 

54  S 

28  4 

HI 299  ttKXA 

U 

U  M 

35 

23  6 

H358  control 

M 

M 

41  2 

25  S 

H353  Hpo 

M 

M 

40  3 

264 

H353  mRNA 

U 

M 

39 

25  3 

RICO  controi 

M 

M 

M 

M 

M 

M 

41 

29  S 

FJCO  Hpo 

M 

M 

M 

M 

M 

M 

46.4 

30.8 

RKOriRNA 

M 

M 

M 

M 

M 

M 

44  6 

30.5 

SW48  control 

M 

M 

M&U 

M 

M 

563 

30.1 

SW4*  lipo 

M 

M 

M&U 

M 

M 

61.8 

326 

SW4S  mRNA 

M 

M 

M&U 

M 

M 

64.2 

31.5 

M  uiethybr^d  pjomotar.  U  uaaie’hy ls:e<i  prcooitr.  MAC  muted  with,  both  methylated  and  umnetiylated 
promoters  control  treated,  with  medium  alone,  hpo  treated  with  hpofettamme  alone:  iiRN'A  created  with 
ADNMT334  I-epectftr  ORNA. 


Specific  Aim  5  To  determine  expression  of  hnRNP-AI  variants  in  lung  cancer  cells  and 
their  role  in  regulation  pre-mRNA  splicing. 

We  have  shown  that  CEACAM1  splicing  patterns  are  associated  with  hnRNP  protein  variants.  Two 
cell  lines  (A549  and  HI 944)  with  predominant  long  form  of  CEACAM1  possess  predominantly  full 
size  nuclear  hnRNP-AI  and  hnRNP-A2/B1 ,  whereas  cell  lines  H460  and  UMSCC17B  with 
predominantly  short  form  of  CEACAM1  possess  a  number  of  truncated  hnRNP-AI  and  hnRNP- 
A2/B1  (Fig.  4).  We  initially  thought  that  the  expression  of  truncated  hnRNP  proteins  was  the  result 
of  alternative  splicing  of  the  corresponding  genes,  which  contributes  to  the  regulation  of  CEACAM1 
splicing.  To  determine  whether  it  is  the  case,  we  performed  RT-PCR  to  analyze  the  gene 
expression  patterns  of  hnRNP-AI  and  hnRNP-A2.'B1  using  the  four  cancer  cell  lines  described  in 
Fig.  4.  Our  initial  analysis  failed  to  reveal  obvious  splicing  variants  of  both  hnRNPs  (Fig.  5).  When 
several  different  primer  sets  were  used,  some  alternatively  spliced  forms  were  observed  in  the  cell 
lines  but  the  appearance  of  these  variants  was  neither  closely  associated  with  the  CEACAM1 
splicing  patterns  nor  the  hnRNP  protein  patterns  (Fig.  4).  These  results  suggest  the  alternative 
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splicing  may  not  be  the  major  mechanism  of  generating  the  truncated  hnRNPs.  More  complicated 
posttranslational  processing  may  be  involved  in  the  protein  modifications. 
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Fig.  4.  Patterns  of  hnRNPs  in  cancer  cell  lines  presented  with  different 
CEACAMI  spltcmg  status. 


hnRNPAl 

hnRNPA2/Bl 


Fig.  5.  Expression  of  hnRNPs  in  the  four  cancer  cell 
lines. 


Additional  task  not  specified  in  the  previous  report: 

Hepatoma-derived  growth  factor  (HDGF),  which  is  unrelated  to  hepatocyte  growth  factor,  can 
stimulate  DNA  synthesis  and  cell  proliferation  on  entering  the  nucleus.  We  hypothesize  that  HDGF 
plays  an  important  role  in  biologic  behavior  of  early-stage  non-small-cell  lung  cancer  (NSCLC). 
Ninety-eight  patients  with  pathologic  stage  I  NSCLC  who  underwent  curative  surgery  were  studied. 
Immunohistochemistry  was  used  to  determine  the  expression  level  of  HDGF  in  the  tumor 
specimens.  The  intensity  of  the  protein  staining  and  percentage  of  stained  tumor  cells  were  used  to 
determine  a  labeling  index.  Statistical  analyses,  all  two-sided,  were  performed  to  determine  the 
prognostic  effect  of  HDGF  expression  levels  on  clinical  parameters  and  outcomes.  The  mean  +1- 
standard  deviation  HDGF  labeling  index  in  the  98  tumors  was  185  +/-  41.  Patients  whose  tumors 
had  higher  HDGF  indexes  (>/=  185)  had  a  significantly  poorer  probability  of  overall  survival  at  5 
years  after  surgery  than  did  those  with  lower  HDGF  indexes  (0.26  v  0.82;  P  <.0001).  Similarly,  the 
5-year  disease-specific  and  disease-free  survival  probabilities  were  lower  in  those  with  higher 
HDGF  indexes  (0.42  v  0.92,  and  0.34  v  0.71;  P  <.0001  and  P  =.0008;  respectively).  Multivariate 
analysis  indicated  that  HDGF  level  was  an  independent  predictor  of  overall,  disease-specific,  and 
disease-free  survivals.  We  conclude  that  overexpression  of  HDGF  is  common  in  early-stage 
NSCLC.  The  expression  level  in  tumor  cells  is  strongly  correlated  with  poor  overall,  disease- 
specific,  and  disease-free  survivals,  suggesting  HDGF  may  be  a  powerful  prognostic  marker  for 
patients  with  early-stage  NSCLC  (Ren  H  et  al,  Journal  of  Clinical  Oncology,  22:3230-3237,  2004) 

Future  research  plan: 

We  will  continue  to  study  biologic  effects  of  ADNMT3B  variants  in  lung  tumorigenesis.  We  will 
determine  the  role  of  ADNMT3B  variants  in  early  lung  tumorigenesis  by  analyzing  their  expression 
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in  bronchial  epithelial  cells  from  individuals  with  high-risk  to  develop  lung  cancer.  We  will  construct 
vectors  containing  various  forms  of  the  variants  including  those  with  or  without  enzymatic  motifs  of 
DNA  methyltransferase.  We  will  determine  the  biological  roles  of  each  variant  in  regulation  of  DNA 
methylation  and  gene  expression  using  immortalized  normal  bronchial  epithelial  cell  lines  and 
NSCLC  cell  lines.  We  will  pay  particular  attention  to  ADNMT3B4  because  our  current  data  suggest 
this  variant  is  the  most  influential  factor  in  promoter  methylation  of  RASSF1A  which  appears 
important  in  lung  cancer  progression.  We  will  also  plan  to  determine  the  mechanism  of 
iDNMT3B2/4  mediated  RASSF1A  promoter  methylation.  We  will  further  determine  the  role  of 
HDGF  in  lung  cancer  progression  and  mechanism  of  HDGF  associated  aggressive  biologic 
behaviors  of  NSCLC  cells.  We  plan  to  design  more  primers  to  reveal  rare  splicing  variant  of 
hnRNP-AI  and  A2/B1  and  to  determine  a  potential  splicing  pattern  change  of  CEACAM1  by 
knocking  down  the  hnRNP  variants. 

Project  2:  Novel  Strategies  for  Lung  Cancer  Chemoprevention 

Project  Leaden  Fadlo  Khuri,  M.D. 

Specific  Aim  2.1  To  evaluate  the  effects  of  oral  bexarotene  delivered  to  former  smokers 
by  inhalation  alone  or  in  combination  with  celecoxib. 

(Leader:  Fadlo  Khuri,  M.D) 

As  reported  in  2004,  we  were  unable  to  conduct  the  clinical  trial  proposed  in  the  original  Specific 
Aim  -  To  evaluate  the  effects  of  aerosolized  13cRA  delivered  to  former  smokers  by  inhalation  alone 
or  in  combination  with  Celecoxib  -  due  to  excessive  toxicity  with  aerosolized  delivery.  Thus,  we 
have  proposed  another  clinical  trial,  a  phase  I/ll  study  of  the  combination  of  bexarotene/celecoxib 
in  solid  tumors,  which  is  pending  for  HSRRB  review  and  approval.  The  rationale  for  the  trial  is  as 
follows: 

Initial  clinical  studies  have  indicated  that  retinoids  decrease  the  incidence  of  second  primary 
tumors  in  patients  who  have  previously  undergone  resection  for  NSCLC  or  head  and  neck  cancer. 
However,  subsequent  large-scale  chemoprevention  trials  have  demonstrated  that  retinoids  induce 
substantial  toxicity  and  are  of  minimal  benefit  to  individuals  at  high-risk  for  lung  cancer,  illustrating 
the  need  for  more  effective  lung  cancer  chemoprevention  strategies.  The  objective  of  this  project 
is  to  evaluate  the  chemopreventive  potential  of  bexarotene  (Targretin®)  and  non-steroidal  anti¬ 
inflammatory  agents  (NSAIDs)  (e.g.,  celecoxib)  using  preclinical  in  vitro  and  animal  model  studies 
and  clinical  trials  combining  bexarotene  and  celecoxib.  NSAIDs  exhibit  chemopreventive  effects  in 
animal  models  including  lung  carcinogenesis  and  familial  adenomatous  polyposis.  This  project  will 
test  whether  the  combination  of  bexarotene  and  celecoxib  appears  tolerable  and  promising  in  lung 
cancer  patients,  which  would  be  taken  forward  into  high-risk  chemopreventive  strategies. 

Data  to  date  with  bexarotene  in  non-small  cell  lung  cancer.  Bexarotene  is  a  non-classic 
retinoid  or  rexinoid,  developed  in  the  early  1990s,  and  tested  extensively  now  in  multiple  solid 
tumor  trials.  Phase  I  trials  of  bexarotene  by  Miller  and  Rizvi  (Table  2)  indicated  that  approximately 
30%-35%  of  all  treated  patients  had  disease  stabilization  for  a  minimum  of  3  months  while  other 
trials  showed  that  no  NSCLC  patients  had  demonstrated  responses  to  bexarotene.  Preliminary 
data  showed  that  this  agent  was  synergistic  with  cisplatin  in  squamous  cell  xenograft,  which  led  to 
an  enhanced  de-differentiation  of  the  tumor  and  enhanced  sensitivity  to  cisplatin.  Thus,  several 
trials  were  conducted  combining  bexarotene  with  cytotoxic  chemotherapy  (Table  2).  These  trials, 
while  failing  to  demonstrate  an  enhanced  tumor  response  rate,  showed  improved  survival  over 
historical  controls.  Particularly  prominent  was  our  phase  I/ll  combination  of  cisplatin  and 
vinorelbine  with  bexarotene,  which  showed  a  median  survival  in  stage  Illb-IV  NSCLC  of  14  months, 
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and  1 , 2,  and  3-year  survivals  of  61%,  32%,  and  '8%  despite  the  modest  response  rate  of  25%. 
Two  other  multicenter  trials  and  a  trial  from  the  University  of  Maryland  indicated  that  this  agent  had 
significant  promise  in  NSCLC.  Therefore,  two  phase  III  trials  were  launched,  which  we  helped  to 
oversee.  These  trials  completed  accrual  of  over  600  patients  and  used  different  combinations  of 
chemotherapy  with  bexarotene  compared  with  the  chemotherapy  of  choice.  The  final  analysis  of 
these  data  is  anticipated  by  the  end  of  March  2005. 


Table  2.  Bexarotene  Phase  I/ll  Trials  Completed  NSCLC  Studies 


Study 

No.  Pts. 

Author 

Ph  1  in  various  cancers 

20* 

Miller,  1997 

Ph  I/ll  in  various  cancers 

16* 

Rizvi,  1999 

Ph  I/ll,  CisP-Navelbine,  Is*  line 

43 

Khuri,  2001 

Ph  II,  maintenance  after  1st  line 

52 

Rizvi,  2001 

Ph  I/ll,  Carbo-Taxol,  1*'  line 

43 

Rizvi,  2002 

Ph  II.  Carbo-Gem,  Is1  line 

48 

Edelman,  2004 

'Patients  with  NSCLC 

N  =  222 

NSAIDs  in  Lung  Cancer  Chemoprevention.  Two  types  of  enzymes  mediate  arachidonic  acid 
metabolism:  cyclooxygenases  (COXs)  that  generate  prostaglandins  and  lipoxygenases  (LOXs)  that 
generate  HETEs  and  leukotrienes.  These  metabolites  enhance  cell  growth  and  survival.  Increased 
activities  of  COX-2  and  5-LOX  have  been  noted  during  carcinogenesis.  The  ability  of  various 
NSAIDs  to  suppress  carcinogenesis  in  a  variety  of  animal  models  of  carcinogenesis  including  lung 
has  indicated  the  potential  clinical  application  of  these  compounds.  This  potential  has  been 
demonstrated  in  humans,  especially  in  the  prevention  of  gastrointestinal  cancers.  However,  it  is 
unknown  whether  NSAIDS  could  also  be  useful  for  lung  cancer  prevention.  Inhibitors  of  COX-2 
and  5-LOX  among  the  NSAIDs  affect  the  growth  and  apoptosis  of  various  tumor  cell  lines  including 
non-small  cell  lung  cancer  (NSCLC)  cells,  and  celecoxib  is  shown  to  be  effective  on  prevention  of 
colon  carcinogenesis  in  APC  patients.  Moreover,  Mestre  et  al  have  demonstrated  that  retinoids  (9- 
cis-retinoic  acid,  13-cis-retinoic  acid,  and  retinyl  acetate)  suppress  both  a  basal  level  of  COX-2  and 
EGF-mediated  induction  of  COX-2.  These  results  establish  a  rationale  for  combining  COX-2 
inhibitors  with  retinoids. 

Therefore,  we  selected  the  combination  of  bexarotene  with  celecoxib  in  a  dose-escalation  schema 
shown  in  Table  3. 


Table  3.  Phase  I  Bexarotene-Celecoxib  Dose  Escalation  Schema 


Dose  Level 

Bexarotene 
(mg/m2  daily) 

Celecoxib 
(mg  bid) 

0 

200 

200 

1 

300 

200 

2 

300 

400 

3 

400 

400 

4 

600 

400 
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Specific  Aim  2.2. 


To  evaluate  effects  of  NSAIDs  and  13cRA  as  single  agents  and  in 
combinations  on  growth,  apoptosis,  and  carcinogenesis  using  an  in 
vitro  cell  system  and  an  animal  model. 

(Leader:  Reuben  Lotan,  Ph.  D.) 

The  purpose  of  the  study  is  to  evaluate  effects  of  non-steroidal  anti-inflammatory  agents  (NSAIDs) 
(e  g.  celecoxib)  and  retinoic  acids  as  single  agents  or  in  combinations  on  lung  cancer  growth, 
apoptosis,  and  lung  carcinogenesis  using  an  in  vitro  cell  system  and  an  animal  model.  In  the  first 
year  of  funding,  we  determined  the  efficacy  and  mechanisms  of  inhibitors  of  arachidonic  acid 
metabolizing  enzymes  including  cyclooxygenase  2  (COX-2)  and  lipoxygenase  (e.g.,  5-LOX)  used 
as  single  agents,  in  combination  with  each  other,  or  with  retinoic  acids  on  suppression  of  cell 
growth  and  induction  of  apoptosis  of  normal,  immortalized,  premalignant,  transformed,  and 
tumongenic  lung  cells  in  vitro.  We  found  that  these  effects  were  not  related  to  the  expression  of  the 
target  enzymes,  suggesting  their  COX-2-independent  functions.  Because  the  retinoid  13cRA 
shows  enhancement  of  lung  cancer  among  smokers  in  a  clinical  trial  and  has  side  effects  whereas 
the  synthetic  retinoid  fenretinide  [/\/-(4-hydroxyphenyl)  retinamide,  4HPR]  is  more  potent  and 
shows  less  side  effects  and  has  additive  effects  with  celecoxib,  we  have  replaced  13cRA  with 
4HPR  for  later  studies. 


Recently,  we  have  demonstrated  that  treatment  with  the  combination  of  the  COX-2  inhibitor 
celecoxib  and  4HPR  was  more  effective  on  inhibition  of  growth  and  induction  of  apoptosis  in 
premalignant  and  malignant  lung  cell  lines  than  that  with  either  agent  alone.  During  the  past  year, 
we  further  investigated  the  pro-apoptotic  mechanism  of  action  of  the  celecoxib/4HPR  combination 
in  immortalized  human  bronchial  epithelial  cell  line  BEAS-2B,  which  does  not  express  COX-2.  As 
shown  in  the  figure  below,  we  found  that  simultaneous  treatment  of  the  cells  with  clinically 


achievable  concentrations  of  celecoxib  (1  and  5  pM.  respectively)  and  4HPR  (0.25  pM)  for  3  days 
induced  a  marked  apoptosis  in  a  dose-dependent  manner.  The  effects  were  associated  with  a 
sustained  ^ctivation  of  mitochondrial  membrane  permeability  transition  detected  by  fluorescent 
MitoProbe  M  assay  and  corresponding  changes  in  members  of  the  Bcl-2  family  identified  by 
western  immunoblotting.  Specifically,  the  release  of  cytochrome  C  from  mitochondria  to  cytoplasm 
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increased,  caspases  9  and  3  were  activated,  and  the  level  of  the  antiapoptotic  protein  Bcl2 
decreased.  In  addition,  the  celecoxib/4HPR  combination  inhibited  the  survival  pathway,  as 
evidenced  by  suppression  of  Akt  phosphorylation,  at  concentrations  such  that  each  agent  alone 
had  no  or  low  effects  without  altering  the  levels  of  PTEN  phosphatase. 

Specific  Aim  2.4.  To  analyze  differential  gene  expression  between  untreated  NSCLC 
cells  and  celecoxib-treated  NSCLC  cells  using  affymetrix 
oligonucleotide  microarrays  and  characterize  genes  that  may  be 
implicated  in  mediating  apoptosis  induction 

(Leader:  Reuben  Lotan,  Ph.D.) 

We  have  also  begun  to  analyze  the  effects  of  celecoxib,  4HPR,  and  their  combination  on  the 
expression  of  genes  involved  in  apoptosis  using  the  Affymetrix  gene  expression  platform.  The  data 
are  still  being  collected  and  analyzed  in  collaboration  with  bioinformatics  support. 


Specific  Aim  2.3.  To  investigate  whether  genetic  approaches  to  inhibit  PI3K  activity 
decrease  lung  tumor  size  and  number  in  k-ras  mutant  mice. 

This  Aim  has  been  dropped  as  reported  in  the  2004  Annual  Report. 


Project  3:  Experimental  Molecular  Therapeutic  Approaches  to  Lung  Cancer 

Project  Leader:  Fadlo  Khuri,  M.D. 

Specific  Aim  3.1  To  develop  a  relatively  faithful  murine  model  of  lung  cancer  by 
crossing  the  k-ras  mutant  mouse  (T.  Jacks)  with  our  p53  mutant 
missense  mouse  (G.  Lozano)  such  that  we  can  study  the  evolution  of 
non-small  cell  lung  cancer  in  primary  lung  tumor  model  with  metastatic 
potential,  as  well  as  the  effectiveness  of  these  molecularly  targeted 
strategies  in  that  model. 

(Leader:  Guillermina  Lozano,  Ph.D.) 

We  have  developed  a  mouse  lung  cancer  model  that  develops  lung  carcinomas  due  to  an  inherited 
mutation  in  the  p53  tumor  suppressor  (p53R'72H  5  ")  and  somatic  inactivation  of  the  ras  oncogene 
(K-Rasf-*’*).  84%  of  these  mice  develop  lung  adenocarcinomas  by  one  year  of  age  (Table  4).  30% 
of  these  mice  have  also  developed  metastases  to  intrathoracic  and  extrathoracic  regions  (Table  5). 
Extrathoracic  metastases  have  occurred  to  many  organs  and  include  the  mesentery  lymph  node, 
liver,  adrenal  gland,  kidney  and  eye.  Thus,  the  initial  aim  to  generate  and  characterize  the  model 
has  been  accomplished.  Dr.  Adel  El-Naggar  performed  pathology  analysis. 
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Table  4.  Tumor  spectra  of  p53R172H;j9/4;  K-RasLA1'4  and  p534'4;  K-Ras 

Z^1'4  mice 

pggRlTaHogfr  .  K_Ras-A1/* 

p534/4 

;  K-RasLAW4 

Tumor  Types 

Incidence  Metastasis 

Incidence  Metastasis 

Lung  adenocarcinomas  (AC  )  48/57 

14/48  22/32 

0/22 

Lung  mesothelioma 

2/57 

2/2 

0/32 

Lung  AC/mesothelioma 

5/57 

5/5 

3/32 

1/3 

Lung  adenoma 

1/57 

- 

7/32 

_ 

Lymphoma 

6/57 

- 

7/32 

_ 

Sarcomatoid  carcinoma 

9/57 

- 

0/32 

Sarcoma 

1/32 

_ 

Papilloma 

4/57 

- 

6/32 

- 

Table  5.  The  frequency  of  Metastases  at  different  sites  in  p53R172M  ^jK-Ras 

LAI/* 

mice 

Metastatic  sites 

Lung  adenocarcinoma 

Lung  mesothelioma 

Intrathoracic 

Mediastinal  lymph  node 

8/12 

4/5 

Heart 

6/12 

2/5 

Parietal/diaphragmatic  pleura 

3/12 

N/A 

Extrathoracic  • 

Mesentery/lymph  node 

3/12 

2/5 

Liver 

2/12 

1/5 

Adrenal  gland 

2/12 

1/5 

Subcutaneous  tissue 

2/12 

2/5 

Kidney 

1/12 

0/5 

Eye  tissue 

1/12 

0/5 

Specific  Aim  3.5  To  study  the  in  vivo  and  in  vitro  effects  of  farnesyl  transferase 
inhibitors  and  tyrosine  kinase  inhibitors  in  mouse  models  and, 
ultimately,  in  humans  with  lung  cancer 

(Leader:  Guillermina  Lozano,  Ph.D.) 

While  the  initial  studies  were  designed  to  treat  p53?inHZ9i';  K-RasLA1/*  mice  with  IRESSA  and  FTI, 
a  new  anti-cancer  drug.  Eriotinib  (Tarceva),  has  more  clinical  promise.  Therefore,  we  will  use 
Erlotinib  in  this  new  mouse  model  of  lung  cancer.  Eriotinib  will  be  administrated  orally  by  gavage 
every  day  at  a  concentration  of  O.lmg/g  body  weight.  The  treatment  will  be  started  at  three  months 
of  age  when  lung  adenomas  and  a  few  small  lung  carcinomas  are  visible.  After  30  days  of 
treatment,  mice  will  be  sacrificed  for  pathological  analysis.  Before  and  after  the  treatment  period, 
live  mice  will  be  scanned  by  micro-CT  imaging  to  monitor  lung  tumor  growth. 


Specific  Aim  3.6  To  measure  differences  in  gene  expression  between  lung  tumors  that 
do  or  do  not  show  metastasis,  and  in  metastatic  lesions  themselves 
using  the  Affymetrix  gene  chip  system 
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(Leader:  Guillermina  Lozano,  Ph.D.) 

We  have  collected  samples  and  have  begun  these  studies.  The  samples  collected  are  shown  in 
Table  6.  We  have  isolated  mRNA  from  6  different  p53R^2H  K-RasLA1/ ’*  mice  with  primary 

adenocarcinomas  and  their  metastases.  Additionally  we  have  isolated  mRNA  from  three  mice  with 
K-Ras M  "  mutation  alone  as  controls.  The  quality  of  the  mRNA  was  measured  and  the  cRNA 
generated  and  hybridized  to  Affymetrix  chips.  We  are  currently  evaluating  the  data  with  a 
bioinformatician. 


Table  6.  Samples  Used  for  Expression  Microarray  Analysis 


Genotype 

Primary  lung  cancer 

Metastasis 

P53"1™  K-Ras-*1'’ 

Adenocarcinoma 

s.c.  metastasis 

p53H1  :®,*;  K-Ras1^ 

Adenocarcinoma 

Liver  metastasis 

Inguinal  metastasis 
s.c.  metastasis 

p53K”ZK K-Ras^1'* 

p53K1,w  s'+;  K-RasUw 

Adenocarcinoma 

Mediastinal  LN  metastasis 
Heart  metastasis 
s.c.  metastasis 

p53K^H:jg/*;  K_Ras^v 

Adenocarcinoma 

Mediastinal  LN  metastasis 

p53Kl^H:',oA;  K-Ras"*1" 

Adenocarcinoma 

Mediastinal  LN  metastasis 
Parietal  pleural  metastasis 

p53*^;  K-Ras1*1'* 

Adenocarcinoma 

- - . - j 

_ 

p53+/*;  K-Ras1-*1'* 

Adenocarcinoma 

p53w*;  K-Ras^’" 

Adenocarcinoma 

- 

Specific  Aim  3.7  To  perform  array  CGH  experiments  to  determine  if  other  genomic 

changes  have  occurred 

Specific  Aim  3.8  To  perform  LOH  studies  at  specific  loci  (if  warranted  from  the  data 

obtained  in  Specific  Aim  3.7) 

(Leader:  Guillermina  Lozano,  Ph  D.) 

The  two  proposed  studies  above  have  not  been  started  and  may  begin  sometime  this  year  after 
the  array  analysis  is  completed  in  Specific  Aim  3.6. 

Specific  Aim  3.2  To  evaluate  novel  signal  transduction  inhibitors,  both  alone  and  in 
combination  with  one  another  and  with  cytotoxic  agents,  in  the 
treatment  of  these  mouse  lung  cancer  models  and,  ultimately,  in  the 
treatment  of  human  lung  cancers. 

(Leader:  Fadlo  Khuri,  M.D.) 

In  the  past  few  years,  we  have  studied  farnesyltransferase  inhibitors  (FTIs)  including  Lonafarnib, 
which  is  a  novel  class  of  anticancer  agents  that  show  promise  in  suppressing  the  growth  of  tumors 
both  in  preclinical  studies  and  in  clinical  trials.  Although  FTIs  were  originally  designed  to  inactivate 
Ras  by  inhibiting  Ras  farnesylation,  many  studies  have  indicated  that  they  may  inhibit  cell  growth 
and  induce  apoptosis  independent  of  Ras  mutation.  Alternatively,  the  PI3  kinase/Akt  pathway  has 
been  proposed  as  a  potential  target  for  the  FTIs1  actions.  Our  studies  have  indicated  that  Akt  is 
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unlikely  to  be  a  target  for  Lonafamib’s  effect  on  growth  arrest  or  apoptosis  induction  in  human 
NSCLC  cells. 

FTIs  are,  however,  known  to  potently  synergize  with  paclitaxel  (PTX)  and  other  microtubule- 
stabilizing  drugs,  but  the  mechanism  of  this  synergistic  interaction  remains  elusive.  Here  we  have 
shown  that  lonafamib-treated  cells  display  microtubule  bundles,  increase  tubulin  acetylation  and 
polymerization,  and  decrease  microtubule  dynamics.  Notably,  treatment  with  the  combination  of  low 
doses  of  LNF  with  PTX  markedly  enhances  tubulin  acetylation  (a  marker  of  microtubule  stability)  as 
compared  to  either  drug  alone  and  inhibits  the  in  vitro  deacetylating  activity  of  the  only  known 
tubulin  deacetylase,  HDAC6.  Taken  together,  the  studies  suggest  a  relationship  between  FT 
inhibition,  HDAC6  function,  and  cell  death,  providing  insight  into  the  putative  molecular  basis  of  the 
LNF'taxane  synergistic  anti-proliferative  combination.  Thus,  these  successful  preclinical  studies 
supported  by  DoD  have  conceptually  helped  develop  a  phase  I  trial  of  Lonafarnib  with  paclitaxel 
funded  by  other  financial  sources. 

We  have  evaluated  safety,  tolerability  and  efficacy  of  treatment  using  lonafarnib  in  combination 
with  paclitaxel  in  patients  with  metastatic  (stages  IIIBA/),  taxane-refractory/resistant  NSCLC. 
Patients  with  NSCLC  who  experienced  disease  progression  without  prior  taxane  therapy  or 
relapsed  within  3  months  following  taxane  therapy  cessation  were  treated  with  continuous 
lonafarnib  100  mg  PO  BID  beginning  on  Day  1  and  paclitaxel  175  mg/m2  IV  over  3  hours  on  Day  8 
of  each  21 -day  cycle.  A  total  of  33  patients  were  enrolled,  of  which  29  patients  were  evaluated  for 
response.  Partial  responses  or  disease  stabilization  was  observed  in  3  (10%)  or  11  patients 
(38%),  respectively;  thus,  14/29  (48%)  experienced  clinical  benefit  (partial  response  and  disease 
stabilization).  Median  overall  survival  time  was  41.3  weeks  and  median  progression-free  survival 
time  was  10.6  weeks.  The  combination  of  lonafarnib  and  paclitaxel  was  well  tolerated  with  minimal 
toxicity.  Grade  3  toxicities  included  fatigue  (9%),  diarrhea  (6%),  and  dyspnea  (6%).  Grade  3 
neutropenia  occurred  in  only  1  patient  (3%).  Grade  4  adverse  events  included  respiratory 
insufficiency  in  2  patients  (6%)  and  acute  respiratory  failure  in  1  patient  (3%).  Lonafarnib  plus 
paclitaxel  have,  thus,  demonstrated  clinical  activities  in  patients  with  taxane-refractory/resistant 
metastatic  NSCLC.  In  addition,  the  combination  of  lonafarnib  and  paclitaxel  was  well  tolerated  with 
minimal  toxicity.  Evaluation  of  this  combination  therapy  in  additional  clinical  trials  is  warranted 

Studies  of  FTi  combinations  using  the  mouse  model  will  be  incorporated  in  Specific  Aim  3.5. 

Specific  Aim  3.3  To  produce  and  test  a  liposomal  gene-therapeutic  strategy  targeted  to 
a  novel  tumor  suppressor  gene  located  on  chromosome  3p,  both  in  the 
mouse  model  and  in  human  patients  with  advanced  non-small  cell  lung 
cancer 

(Leader:  Charlie  Lu,  M.D) 

Previously,  we  reported  that  systemically  delivered  FUSI-lipoplex  suppressed  tumor  growth  in 
experimental  lung  metastasis  mouse  model  and  demonstrated  the  feasibility  of  the 

TAP  oholesterol-DNA  vector  for  systemic  therapy.  Further,  we  tested  its  toxicity  in  mice  and 
monkey  and  found  a  well-tolerated  non-lethal  dose.  These  preclinical  data  have  thus  conceptually 
helped  develop  a  phase  I  tnal  of  DOTAP:cholesterol-FUS1  liposome  complex  supported  by 
independent  financial  resources. 

Based  in  part  upon  these  pre-clinical  studies,  we  have  started  a  Phase  I  clinical  trial  (Human  Gene 
i  ransfer  Protocol  #0201-513)  in  advanced  NSCLC  patients  at  M.D.  Anderson  Cancer  Center. 
Patients  are  treated  by  intravenous  administration  of  the  DOTAP:cholesterol-FUS1  liposome 
complex.  Between  05/2003  and  09/2003,  six  patients  were  enrolled  and  received  a  total  of  15 
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treatment  cycles  (range  1  to  6  cycles).  One  patient  completed  protocol  therapy  (6  cycles).  Three 
patients  discontinued  therapy  for  disease  progression.  One  patient  developed  hemoptysis  in  the 
setting  of  grade  1  thrombocytopenia.  One  patient  discontinued  therapy  due  to  the  study  being 
placed  on  clinical  hold.  Grade  3  toxicities  included  lymphopenia  (12  cycles),  hypokalemia  (1  cycle), 
and  hyperkalemia  (1  cycle).  The  grade  3  lymphopenia  appeared  to  be  of  limited  clinical 
significance.  In  all  12  cases  lymphopenia  improved  to  s  grade  2  after  24  hours.  Determination  of 
the  cause  of  lymphopenia  is  confounded  by  the  receipt  of  steroids  by  all  subjects.  It  remains 
unclear  whether  the  transient  grade  3  lymphopenia  was  due  to  steroid  use  or  the  study  drug.  The 
single  episode  of  grade  3  hypokalemia  (2.9  mEq/L)  occurred  in  patient  #2  who  was  on  chronic 
potassium  supplementation  due  to  prior  platinum-based  chemotherapy.  The  potassium  corrected 
to  normal  in  24  hours  (3.5  mEq/L)  without  any  change  in  medications,  and  was  interpreted  to  be  of 
limited  clinical  significance.  The  same  patient  received  another  cycle  of  treatment  without  further 
hypokalemia.  The  single  episode  of  grade  3  hyperkalemia  (6.1  mEq/L)  occurred  in  patient  #1  on 
day  7  of  cycle  3  without  other  metabolic  or  renal  abnormalities  and  resolved  without  any  noted 
clinical  symptoms  when  laboratory  tests  were  repeated.  There  was  a  single  episode  of  grade  2 
fever  within  3  hours  after  the  first  drug  infusion  in  subject  #1  This  was  not  accompanied  by  any 
other  toxicity.  Patient  #1  was  treated  with  steroids,  and  we  treated  the  subsequent  5  patients  with 
steroid  premedications.  Among  the  6  patients  who  received  14  treatment  cycles  that  were 
administered  with  steroid  and  diphenhydramine  premedications,  the  highest  observed  fever  was 
grade  1 ,  which  occurred  in  3  patients  with  4  cycles.  A  total  of  6  patients  were  treated  with  a  total  of 
15  treatment  cycles  at  dose  levels  of  0.2  mg/Kg  (3  patients)  and  0.3  mg/Kg  (3  patients). 

Between  11/2003  and  2/2004,  the  trial  was  placed  on  a  clinical  hold  for  FDA  review.  After 
reopening  the  protocol,  the  first  cohort  of  3  patients  was  enrolled  between  8/2004  and  1/2005  and 
was  treated  at  a  reduced  starting  dose  level  of  0.01  mg/Kg  without  the  use  of  premedications.  2  of 
3  patients  developed  evidence  of  an  inflammatory  response  characterized  by  fever  (grade  3), 
chills,  and  hypotension  (grades  2  and  3).  After  consulting  with  the  FDA,  the  protocol  will  be 
amended  to  require  steroid  premedication.  Treatment  with  premedication  will  begin  at  the  same 
initial  dose  level  of  0.01  mg/Kg. 

Specific  Aim  3.4  To  develop  specific  vascularly  targeted  strategies  to  the  vascular 
epithelium  of  lung  cancer  cells  in  order  to  decrease  the  toxicity  to 
normal  cells  and  enhance  the  therapeutic  index. 

(Leader:  Ho-Young  Lee,  Ph.D) 

Previously,  we  reported  several  lines  of  evidence  showing  that  FT  I  SCH66336  has  an 
antiangiogenic  activity  in  aerodigestive  tract  cancer.  In  the  past  year,  we  have  further  investigated 
mechanisms  that  mediate  the  antiangiogenic  activity  of  SCH66336  in  NSCLC  and  HNSCC  cells. 
We  found  that  SCH66336  decreased  VEGF  and  HIF-1  expression  in  hypoxic,  normoxic  insulin 
growth  factor  1(IGF)-stimulated,  unstimulated  aerodigestive  tract  cancer,  and  endothelial  cells. 
SCH66336  reduced  the  half-life  of  the  HIF-1  protein,  but  ubiquitin  inhibitors  protected  the  hypoxia- 
or  IGF-stimulated  HIF-1  protein  from  SCH66336-mediated  degradation.  SCH66336  inhibited  the 
interaction  between  HIF-1  and  Hsp90,  and  overexpression  of  Hsp90,  but  not  constitutive  Akt  or 
constitutive  MEK,  restored  HIF-1  expression  in  IGF-stimulated  or  hypoxic  cells,  but  not  in 
unstimulated  cells,  which  were  pretreated  with  SCH66336.  Thus,  we  have  concluded  that 
SCH66336  inhibits  angiogenic  activities  of  NSCLC  and  HNSCC  cells  partly  by  inhibiting  hypoxia- 
or  IGF-stimulated  HIF-la  and  thus  VEGF  production  via  blocking  the  interaction  of  HIF-1  and 
Hsp90  and  inducing  proteasomal  degradation  of  HIF-1.  These  findings  provide  the  rationale  for 
clinical  application  of  FTIs  for  antiangiogenic  treatment  targeting  HIF-1  in  aerodigestive  tract 
cancers.  The  manuscript  is  in  revision  (JNCI,  2005) 


page  19 


Specific  Aim  3.9  To  evaluate  GFE-1  peptide  effects  on  blocking  lung  metastases  in  a  rat 
model 

(Previous  leader:  Dr.  Yun  W  Oh,  M.D) 

Dr.  Yun  Oh  led  the  above  aim  in  past  years.  Due  to  his  duty  change  to  a  full-time  clinical  position, 
he  discontinued  participation  in  the  BESOT  program  as  noted  in  an  official  letter  to  Dr.  Julie 
Wilberding  on  December  8,  2003.  Thus,  the  aim  is  discontinued.  A  summary  of  his  findings  follows 
which  was  not  included  in  the  last  report.  The  study  led  to  a  manuscript  which  has  been  accepted 
by  Chest. 

Efforts  to  target  therapeutics  and  imaging  agents  to  blood  vessels  in  an  organ-  specific  or  disease- 
specific  manner  have  led  to  the  development  of  a  technique  by  which  small  peptides  that  target 
receptors  on  endothelial  cells  can  be  identified.  This  approach,  using  large  random  peptide 
libraries  displayed  on  the  surface  of  bacteriophage,  has  been  termed  in  vivo  phage  display.  In  vivo 
phage  display  is  a  screening  method  in  which  peptides  homing  to  specific  vascular  beds  are 
selected  after  intravenous  administration  of  a  random  peptide  library.  This  strategy  has  revealed  a 
vascular  address  system  that  allows  tissue-specific  targeting  of  normal  blood  vessels  and 
angiogenesis-related  targeting  of  tumor  blood  vessels  by  selected  peptides.  Many  vascular 
receptors  or  "addresses''  targeted  by  homing  peptides  have  been  identified.  One  such  vascular 
receptor  of  normal  lung  endothelium  is  membrane  dipeptidase  (MDP),  which  was  found  by  in  vivo 
phage  display  to  bind  the  tripeptide  motif  Gly-Phe-Glu  (GFE).  Our  studies  with  GFE  peptide  and 
lung  vasculature  suggest  that  MDP  mediates  cancer  cell  adhesion  to  lung  vasculature  and 
development  of  lung  metastases,  but  that  MDP  is  not  present  in  vasculature  of  lung  metastases. 
MDP  appears  to  occupy  a  vascular  distribution  similar  to  the  pulmonary  artery  circulation.  These 
results  demonstrate  the  promise  of  defining  critical  functional  and  anatomic  characteristics  of 
endothelial  cells  in  lung  and  other  organs  by  in  vivo  phage  display. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Promoter  hypermethylation  in  p1&mi*  and  RASSF1A  tumor  suppressors  is  frequently  and 
strongly  associated  with  clinical  outcomes  in  patients  with  resectable  non-small  cell  lung 
cancer 

•  Hypermethylation  of  the  death-associated  protein  kinase  promoter  attenuates  the  sensitivity 
to  TRAIL-induced  apoptosis  in  human  non-small  cell  lung  cancer  cells 

•  Expression  of  ADNMT3B  variants  in  non-small  cell  lung  cancer  is  associated  with  patients’ 
clinical  outcomes 

•  ADNMT3B4  plays  a  critical  role  in  cell-type-dependent  promoter-specific  DNA  methylation 
in  non-small  cell  lung  cancer 

•  Combination  of  celecoxib  and  4HPR  exerts  greater  effect  on  apoptosis  in  premalignant  lung 
cells  than  each  agent  alone  through  the  induction  of  mitochondria-mediated  apoptosis 
pathway  and  inhibition  of  Akt  survival  pathway 

•  SCH66336  inhibited  angiogenic  activities  of  NSCLC  and  HNSCC  cells  partly  by  inhibiting 
hypoxia-  or  IGF-stimulated  HIF-la  and  thus  VEGF  production  via  blocking  the  interaction 
HIF-1  and  Hsp90  and  inducing  proteasomal  degradation  of  HIF-1. 

•  A  mouse  lung  cancer  model  that  develops  lung  carcinomas  has  been  established  and  will 
be  used  for  a  variety  of  proposed  studies 
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CONCLUSIONS 


Over  the  past  year,  the  three  projects  have  made  considerable  progress.  Ten  research  articles 
have  been  published  in  peer-reviewed  journals  and  two  are  in  preparation.  We  have  discovered 
that  hypermethylated  pi 6  and  RASSF1A  tumor  suppressor  genes  are  strongly  associated  with 
poor  clinical  outcomes  in  patients  with  resectable  NSCLC;  hypermethylated  DAPK  attenuates 
TRAIL-induced  apoptosis  of  NSCLC  cells;  the  expression  of  DNMT3B4  is  significantly  associated 
with  poor  overall,  disease-free,  and  disease-specific  survival  in  patients  with  stage  Ilia  NSCLC. 
These  findings  will  help  to  identify  prognostic  predictors  or  biomarkers  in  early  detection  and 
molecular  classification  of  lung  cancer.  Enhanced  apoptosis  in  premalignant  lung  cells,  by 
combination  of  celecoxib  and  4HPR,  is  mediated  through  the  induction  of  mitochondria-mediated 
apoptosis  pathway  and  inhibition  of  Akt  survival  pathway.  Also,  FT  I  SCH66336  inhibits  angiogenic 
activities  of  NSCLC  and  HNSCC  cells  partly  by  inhibiting  hypoxia-  or  IGF-stimulated  HIF-la  and 
thus  VEGF  production  via  blocking  the  interaction  of  HIF-1  and  Hsp90  and  inducing  proteasomal 
degradation  of  HIF-1.  These  mechanistic  studies  have  elucidated  how  these  agents  work  on  tumor 
cells.  A  successful,  established  mouse  lung  cancer  model  that  develops  lung  carcinomas  provides 
a  powerful  tool  to  study  lung  carcinogenesis  and  test  promising  drugs. 

DEVELOPMENTAL  RESEARCH  PROGRAM 

A  Genetic/Combinatorial  Algorithmic  Strategy  for  Anticancer  Therapy  Development 

(Project  Leader:  Ralph  Zinner,  M.D) 

Targeted  therapeutic  agents  are  highly  promising  in  combination  because  they  are  both  well- 
tolerated  and  interact  with  the  targets  that  cause  cancer.  We  propose  a  direct  functional  screen  of 
combinations  as  a  complement  to  the  molecular  insight-based  approach.  However,  with  new  drugs 
added  to  the  list  the  number  of  possible  combinations  rises  exponentially  that  is  beyond  the 
capacity  of  any  foreseeable  technology  to  fully  screen.  We  propose  the  MACS  (Medicinal 
Algorithmic  Combinatorial  Screen)  to  identify  promising  combinations  that  would  be  otherwise 
impossible  to  be  found  through  a  simple  screen  alone.  The  foundation  of  MACS  is  a  genetic 
algorithm.  The  study  adopts  a  preclinical  screen  that  assesses  anticancer  efficacies  of 
combinations  with  cell  proliferation  assays. 

In  the  last  several  months,  we  have  conducted  functional  screens  of  all  possible  combinations 
derived  from  two  NSCLC  cell  lines  treated  with  six  drugs  and  obtained  some  preliminary  results. 
The  studies  are  the  first  steps  in  the  development  of  MACS. 

Specific  Aim  1:  To  determine  feasibility  (robots,  cell  death  assays,  combining  drugs)  of 

screening  process 

We  first  tested  whether  we  could  add  drug  combinations  to  two  different  cell  lines,  A549  and  H226. 
After  determining  an  optimal  cell  density  of  2  x  1 03  cells/well  in  96-well  plates  for  a  three-day 
assay,  we  proceeded  to  identify  drugs  that  are  active  against  these  cell  lines  as  single  agents  and 
define  their  dose  response  curves.  We  selected  drugs  that  had  sufficiently  gentle  grades  (at  least 
a  log  difference  in  dose  between  near  maximum  and  minimum  inhibition)  to  allow  reasonable 
reproducibility  and  a  minimal  DMSO  (less  than  0.2  %  when  diluted  to  final  volume).  Inhibition  was 
detected  66  hrs  after  treatment  by  the  WST-1  proliferation  assay  (Roche).  Six  drugs  were  selected 
for  any  given  experiment.  They  were  combined  in  all  64  possible  combinations  (6  singles,  15 
doublets,  20  triplets,  15  four  -tuples,  6  five-tuples,  one  6-tuple,  and  one  without  treatment  at  a  fixed 
dose  (IC20).  We  also  used  DMSO  alone  controls.  Each  experiment  was  done  in  triplicate. 
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Originally  we  proposed  six  drugs,  Herceptin,  Iressa,  Gleevec,  C225,  Docetaxel,  and  Velcade. 
Because  four  of  the  drugs  (Herceptin,  Iressa,  C226,  Docetaxol)  tested  in  A549  either  had  no 
efficacy  or  required  the  addition  of  ethanol,  which  showed  some  inhibitory  effect,  and  Velcade  was 
not  available  at  this  time,  we  instead  tested  two  other  sets  of  drugs.  These  drug  changes  did  not 
affect  the  ability  to  test  the  principles  of  the  proposal. 

The  first  set  of  drugs  included  LY294002  (PI-3-kinase  inhibitor),  Anisomycin  (JNK/SAPK  activator), 
Rapamycin  (cdk  inhibitor),  SP600125  (JNK  inhibitor),  lndirubin-3'-oxime  (CDKs  inhibitor),  and 
Bortezomib  (Velcade)  (proteasome  inhibitor).  The  second  set  was  gemcitabine,  PD  168393  (MEK 
inhibitor),  lndirubin-3-oxime,  Gleevec  (PDGFR  and  c-kit  inhibitor),  Anisomyci,  and  Bortezomib. 

A549  cells  were  tested  with  both  sets  of  drugs.  We  found  that  standard  deviations  across  triplets 
were  1%  to  5%.  Thus,  our  data  indicated  a  good  feasibility  (reproducibility)  among  the 
experiments.  A  similar  reproducibility  was  observed  in  the  single  experiment  done  in  triplicate  using 
the  second  set  of  drugs  in  H226. 

Expenments  using  7  or  more  drugs  in  all  possible  combinations  (128  combinations  for  7)  will 
require  the  use  of  a  robot.  Initial  experiments  using  a  Tecan  robot  are  under  way.  In  addition,  we 
have  established  a  stable  GFP-expressing  A549  clone  in  order  to  reach  a  better  resolution  on 
effective  combinations  that  kill  all  cells  by  day  3.  Currently,  we  are  evaluating  combinations  using 
the  GFP  cells. 

Specific  Aim  2:  To  determine  the  range  of  outcomes  and  patterns  of  cellular  response 

from  an  initial  screening  of  combinations  of  drugs 

One  of  the  requirements  for  MACS  will  be  the  presence  of  some  degree  of  linearity  or  higher  order 
relationships  among  combinations.  This  means  that  knowing  the  behavior  of  some  combinations 
formed  from  a  set  of  drugs  enables  prediction  of  the  behavior  of  other  combinations  formed  from 
the  same  drugs.  If  there  were  perfect  linearity,  knowing  the  behavior  of  all  the  single  agents  will 
allow  prediction  of  the  behavior  of  all  larger  drug  combinations  that  are  formed  from  them.  On  the 
opposite  extreme,  if  there  were  no  linearity,  it  would  not  be  possible  to  improve  from  one 
generation  to  the  next,  a  requirement  of  a  MACS.  At  present,  little  is  known  of  the  degree  of 
relatedness  of  larger  combinations  of  anticancer  agents  have.  However,  we  have  analyzed  the 
data  extensively  from  the  first  set  of  drugs. 

One  of  the  sets  of  64  combinations  was  repeated  5  times  in  A549  in  triplicate  each  time  at  the 
same  intended  doses  and  experimental  conditions.  We  averaged  the  replications,  normalized  data 
to  the  condition  with  no  drugs,  and  performed  a  simple  regression  analysis  across  all  of  the  data 
using  the  presence  or  absence  of  a  given  drug  as  independent  variables  (this  is  equivalent  to  a 
type  of  ANOVA).  We  found  that  75%  of  the  variance  was  explained  by  the  regression  and  the 
drugs  had  a  significant,  negative  effect  on  normalized  fitness.  This  result  indicates  a  fair  amount  of 
linearity  in  the  system.  We  also  analyzed  the  data  more  directly  and  found  that  there  were,  at  least 
in  the  six-drug  world,  some  nonlinear  effects.  This  would  make  generating  good  predictions  about 
large  combinations  from  smaller  ones  unpredictable. 

Thus,  our  preliminary  evidence  indicates  that  knowledge  of  some  of  the  combinations  is  modestly 
predictive  of  others,  not  enough  to  avoid  a  screen,  but  enough  to  make  a  MACS  possible. 

Analyses  of  the  second  set  of  drugs  in  A549  and  the  first  set  of  drugs  in  H226  cells  are  being 
conducted  now. 

Specific  Aim  3:  To  develop  genetic  algorithm  to  guide  selection  and  identification  of 

promising  combinations  of  drugs 
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We  have  developed  an  algorithm  that  can  be  used  to  run  larger  experiments.  The  algorithm  has 
been  tested  on  some  toy  problems  with  16  drugs  (where  the  first  six  drugs  have  two  levels  of  use 
(a  given  dose  or  no  dose),  the  next  four  have  three  levels,  and  the  last  six  have  four  levels,  giving 
21 ,233,664  possible  combinations).  The  design  was  tied  to  the  96-well  plate  with  three  replications 
each  and  it  basically  runs  two  cell  populations  of  experiments  simultaneously.  The  first  two  plates, 
each  allowing  thirty  two  experiments  (32x3=96),  seed  the  two  populations,  and  after  that,  each 
plate  runs  two  sets  of  sixteen  experiments  for  twenty  four  additional  generations.  The  current 
version  of  the  algorithm  takes  832  experiments  (26  plates)  and  13  steps  in  a  sequence  (since  the 
experiments  are  done  2  plates  at  a  time).  On  these  toy  problems,  the  algorithm  performs  well  and 
comes  up  with  sensible  answers 

Thus,  we  are  in  a  good  position  to  use  algorithmic  search  to  find  new  therapies.  We  will  take 
twenty  drugs  at  a  single  dose  for  each  drug.  We  will  limit  the  combination  size  to  8  or  fewer  drugs 
to  avoid  identifying  the  trivial  solution  that  larger  combinations  are  more  toxic  (there  are  about 
120,000  possible  combinations  of  8-tuples  from  a  pool  of  20  drugs).  All  combinations  will  have  the 
same  concentration  of  DMSO  to  avoid  the  trivial  observation  that  the  combinations  with  the  most 
DMSO  will  be  most  potent.  To  differentiate  combinations  that  kill  all  cells  by  72  hours,  earlier  time 
points  will  also  be  obtained.  In  as  few  as  5-7  steps  entailing  a  total  of  about  300  assays  in 
triplicate,  we  have  a  high  probability  of  showing  improved  performance  through  an  algorithm.  Each 
step  will  be  done  in  close  collaboration  with  a  mathematician.  We  anticipate  we  will  have  the  first 
results  within  a  few  months. 

Abstract: 

RG  Zinner,  BL  Barrett,  AY  Volgin,  JG  Gelovani,  J  Huang,  HT  Tran,  GB  Mills,  WK  Hong,  Y  Fu,  L 
Mao  Higher  Order  Relationships  and  the  Medicinal  Algorithmic  Combinatorial  Screen  (MACS). 

2005.  (ASCO) 
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Higher  Order  Relationships  and  the  Medicinal  Algorithmic  Combinatorial  Screen  (MACS) 


R.  G.  Zinner,  B.  L.  Barrett,  A.  Y.  Volgin,  J.  G.  Gelovani,  J.  Huang,  H.  T.  Tran,  G.  B.  Mills,  W. 

K.  Hong,  Y.  Fu,  L.  Mao;  MD  Anderson  Cancer  Center,  Houston,  TX;  MD  Anderson  Cancer 
Center,  Houston,  TX;  UT  School  of  Public  Health  Houston,  Houston,  TX;  MD  Anderson  Cancer 
Center,  Houston,  TX 

Background:  Targeted  therapeutics  are  highly  promising  in  combination  because  they  are  both 
well  tolerated  and  interact  with  the  signals  that  cause  cancer.  We  propose  a  direct  functional 
screen  of  combinations  in  the  lab  as  a  complement  to  the  molecular  insight  based  approach. 
However,  with  each  drug  added  to  the  list,  the  number  of  possible  combinations  rises 
exponentially  quickly  beyond  the  capacity  of  any  foreseeable  technology  to  fully  screen.  We 
propose  the  MACS  to  identify  combinations  otherwise  impossible  to  be  found  through  a  simple 
screen  alone.  The  foundation  of  MACS  is  a  genetic  algorithm.  One  of  the  requirements  for 
MACS  will  be  the  presence  of  some  degree  of  higher  order  relationships  among  combinations. 
This  means  that  knowing  the  behavior  of  some  combinations  formed  from  a  set  of  drugs  enables 
prediction  of  the  behavior  of  other  combinations  formed  from  the  same  drugs.  However,  little  is 
known  of  the  degree  of  relatedness  larger  combinations  of  anticancer  agents  have.  We  performed 
experiments  to  evaluate  this.  Methods:  A549  cells  were  plated  at  2000/well  and  incubated  in  96- 
well  plates  with  drug  for  66  hours  before  being  read  using  the  WST-1  proliferative  assay 
(Roche).  The  agents  were  LY294002,  PI-3-kinase  inhibitor  (Tocris);  Anisomycin,  activator 
JNK/SAPK  activator  (Tocris),  Rapamycin,  cdk  inhibitor  (Tocris);  SP600125,  JNK  inhibitor 
(Tocris),  Indirubin-3'-oxime,  inhibits  CDKs  (Tocris);  Bortezomib,  proteasome  inhibitor 
(Millennium  Pharms).  These  were  combined  in  all  64  combinations  (pairs,  triplets,  quads  etc.) 
done  in  triplicate  at  the  single  agent  IC  20  dose  of  each  drug  with  the  experiment  repeated 
another  day.  Results:  Using  regression  analyses,  reproducible  modest  higher  order  relationships 
were  observed.  Conclusion:  We  have  preliminary  evidence  that  knowledge  of  some  of  the 
combinations  is  modestly  predictive  of  others,  not  enough  to  avoid  a  screen  but  enough  to  make 
a  MACS  possible.  Further  work  will  entail  study  of  additional  agents,  altered  doses  and 
sequences,  other  NSCLC  cell  lines  and  non  cancerous  immortalized  cell  lines  to  represent  host 
tissue,  which  will  be  presented  at  the  poster.  Ultimately,  a  pilot  MACS  system  will  be 
constructed  the  parameters  for  which  will  be  guided  by  these  data. 

(This  study  was  partially  supported  by  Department  of  Defense  Grant  DAMD  17-02-1-0706). 
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ABSTRACT 

Purpose:  To  establish  the  maximum  tolerated  dose  of 
lonafarnib,  a  novel  farnesyltransferase  inhibitor,  in  combi¬ 
nation  with  paclitaxel  in  patients  with  solid  tumors  and  to 
characterize  the  safety,  tolerability,  dose-limiting  toxicity, 
and  pharmacokinetics  of  this  combination  regimen. 

Experimental  Design:  In  a  Phase  I  trial,  lonafarnib  was 
administered  p.o.,  twice  daily  (b.i.d.)  on  continuously  sched¬ 
uled  doses  of  100  mg,  125  mg,  and  150  mg  in  combination 
with  i.v.  paclitaxel  at  doses  of  135  mg/m1  or  175  mg/m1 
administered  over  3  h  on  day  8  of  every  21-day  cycle.  Plasma 
paclitaxel  and  lonafarnib  concentrations  were  collected  at 
selected  time  points  from  each  patient. 

Results:  Twenty-four  patients  were  enrolled;  21  pa¬ 
tients  were  evaluable.  The  principal  grade  3/4  toxicity  was 
diarrhea  (5  of  21  patients),  which  was  ijmjm  i«keiy  tine  io 
lonafarnib.  dose-limiting  toxicities  included  grade  3  hyper¬ 
bilirubinemia  at  dose  level  3  (100  mg  b.i.d.  lonafarnib  and 
175  mg/m1  paclitaxel);  grade  4  diarrhea  and  grade  3  periph¬ 
eral  neuropathy  at  dose  level  3A  (125  mg  b.i.d.  lonafarnib 
and  175  mg/m1  paclitaxel);  and  grade  4  neutropenia  with 
fever  and  grade  4  diarrhea  at  level  4  (150  mg  b.i.d.  lona¬ 
farnib  and  175  mg/m1  paclitaxel).  The  maximum  tolerated 
dose  established  by  the  continual  reassessment  method  was 
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lonafarnib  100  mg  b.i.d.  and  paclitaxel  175  mg/m2.  Pacli¬ 
taxel  appeared  to  have  no  effect  on  the  pharmacokinetics  of 
lonafarnib.  The  median  duration  of  therapy  was  eight  cy¬ 
cles,  including  seven  cycles  with  paclitaxel.  Six  of  15  previ¬ 
ously  treated  patients  had  a  durable  partial  response,  in¬ 
cluding  3  patients  who  had  previous  taxane  therapy. 
Notably,  two  of  five  patients  with  taxane-resistant  metastatic 
non-small  cell  lung  cancer  had  partial  responses. 

Conclusions:  When  combined  with  paclitaxel,  the  rec¬ 
ommended  dose  of  lonafarnib  for  Phase  II  trials  is  100  mg 
p.o.  twice  daily  with  175  mg/m2  of  paclitaxel  i.v.  every  3 
weeks.  Additional  studies  of  lonafarnib  in  combination  reg¬ 
imens  appear  warranted,  particularly  in  patients  with  non¬ 
small  cell  lung  cancer. 

INTRODUCTION 

Mutations  of  the  ras  family  of  oncogenes  that  result  in 
unregulated  cell  proliferation  are  common  in  human  cancers  (1). 
The  ras  mutations  have  been  implicated  in  the  development  of 
colorectal  cancer  and  have  been  associated  with  shortened  sur¬ 
vival  in  several  tumor  types,  including  non-small  cell  lung 
cancer  (NSCLC;  Refs.  2-6).  Ras  genes  encode  a  protein,  p21, 
that  is  located  on  the  inner  surface  of  the  plasma  membrane  (1, 
7).  The  p21  protein  has  GTPase  activity  and  participates  in 
signal  transduction.  Activation  of  the  ras  oncoprotein  requires 
prenylation,  a  process  that  is  catalyzed  by  farnesyltransferase 
(8-12). 

Farnesyltransferase  inhibitors  (FTIs)  are  a  novel  class  of 
compounds  that  block  this  critical  enzymatic  step  in  the  forma¬ 
tion  of  active  ras  proteins  (8-13).  Lonafarnib  (Sarasar;  Scher- 
i?.3-°!-ugh  Ccrp~*5!:7~.  Y rv’-orth,  NJ)  is  a  tricyclic  nonpep- 
tidomimetic  compound  (Fig.  1)  that  is  active  against  a  variety  of 
tumors  in  vitro  and  in  animal  models  of  cancer  (14).  The 
antitumor  activity  of  lonafarnib  and  other  FTIs  is  related  to  the 
inhibition  of  famesylation,  although  controversy  currently  sur¬ 
rounds  the  exact  famesylated  proteins  that  are  the  key  targets  of 
FTIs  (15,  16).  For  example,  Ashar  el  al.  (17)  and  Crespo  el  al. 
( 1 8)  have  shown  that  FTIs  have  important  effects  on  cell  cycle 
arrest.  The  data  of  Crespo  et  al.  suggest  a  direct  effect  on  spindle 
formation  with  resultanl  prometaphase  accumulation  of  mitotic 
lung  cancer  cells.  Ashar  el  al.  also  showed  that  CENP-E  and 
CENP-F,  two  centromeric  proteins  preferentially  expressed  in 
mitotic  ceils,  are  direct  substrates  for  FTIs,  and  that  their  pre¬ 
nylation  is  completely  inhibited  by  lonafarnib  (19). 

Compelling  data  reported  by  Moasser  el  al.  supplied  the 
scientific  underpinning  for  our  present  study  (20).  They  showed 
that,  in  several  cell  lines  initially  resistant  to  paclitaxel,  die 
addition  of  a  FTI  enhanced  the  sensitivity  of  those  cell  lines  to 
paclitaxel.  Subsequent  preclinical  studies  have  demonstrated 
synergistic  effects  with  lonafarnib  plus  paclitaxel  on  a  number 
of  human  cell  lines  in  vitro  (2 1 ,  22)  and  enhanced  activity  in 
vivo  (22).  In  the  NCI-H460  lung  cancer  xenograft  model,  inhi- 
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Fig  I  Structure  of  lonafamib  ((11  R)-4-[2-l4-(3,10-dibromo-8-chloro- 
6,1  l-digydro-5M-benzo[5,6]  cyclohepta  (l,2b]pyridin-l  lylj-l-pipcrazi- 
nyl]-2-oxocthyl]-l  -piperidinecarboxamide) . 


bition  of  tumor  growth  was  significantly  greater  with  oral  lona- 
famib  plus  i.p.  paclitaxel  than  with  either  agent  alone  (86% 
versus  52%  and  61%,  respectively;  P  <  0.05).  Tumor  growth 
inhibition  on  days  7  and  14  were  56  and  65%  greater,  respec¬ 
tively,  with  the  combination  than  with  paclitaxel  alone.  In  line 
69  wap-ras/F  transgenic  male  mice,  which  develop  paclitaxel- 
resistant  mammary  tumors  at  6-9  weeks  of  age,  oral  lonafamib 
significantly  inhibited  tumor  growth  ( P  -  0.05)  and  also  sen¬ 
sitized  the  tumors  to  paclitaxel  treatment,  so  that  the  combina¬ 
tion  of  lonafamib  plus  paclitaxel  was  more  effective  than  lona¬ 
famib  alone  (P  =  0.06  for  days  7  to  21;  Refs.  22,  23).  One 
proposed  explanation  for  the  synergistic  activity  is  that  treat¬ 
ment  with  FTI  causes  cells  to  accumulate  in  the  G2-M  phase  of 
the  cell  cycle  in  which  paclitaxel  is  most  effective  {21,  24). 

The  main  objectives  of  this  trial  were  to  establish  the 
maximum  tolerated  dose  (MTD)  of  lonafamib,  a  novel  FTI,  in 
combination  with  paclitaxel  in  patients  with  solid  tumors  and  to 
characterize  the  safety,  tolerability,  and  dose-limiting  toxic  ef¬ 
fects  of  this  combination  in  patients  with  advanced  solid  malig¬ 
nancies.  Furthermore,  we  particularly  wanted  to  see  whether 
durable  responses  could  be  achi','"‘d  in  <■  van1*!''  of  tnrane- 
sensttive  tumors  tn  patients  previously  treated  with  taxanes. 
Finally,  we  sought  to  characterize  the  pharmacokinetics  of 
multiple-dose  lonafamib  after  its  daily  oral  administration  and 
of  paclitaxel  coadministered  with  daily  lonafamib. 

PATIENTS  AND  METHODS 

We  sought  to  establish  the  MTD  and  the  dose-limiting 
toxicity  (DLT)  of  the  lonafamib/paclitaxel  combination  in  adult 
patients  with  solid  tumors.  Previously  treated  patients  and  un¬ 
treated  patients  were  allowed  to  participate  in  the  study.  Eligi¬ 
bility  criteria  included  a  Kumofsky  performance  status  of  at 
least  70%,  a  histologically  confirmed  malignancy  for  which  no 
curative  treatment  was  available,  measurable  disease,  and  ade¬ 
quate  hematological  parameters  [including  a  WBC  count 
a  3,000/mm1,  an  absolute  neutrophil  count  cjf  1,500/p.l 
(—  1.5  X  109/litcr),  a  platelet  count  >  100  X  1  O’/liter,  and  a 
hemoglobin  level  a  10  g/dl].  Furthermore,  patients  were  re¬ 
quired  to  have  adequate  renal  function,  with  a  serum  creatinine 
level  £  1.5  times  the  upper  limit  of  normal  or  a  measured  12-h 
creatinine  clearance  time  of  >50  ml/min/1.73  m2.  Also  manda¬ 
tory  were  normal  hepatic  function  (baseline  transaminase  levels 


£  3  times  the  upper  limit  of  normal,  bilirubin  £  2.0  mg/dl,  and 
albumin  2  3.0  g/dl)  and  no  manifestations  of  a  malabsorption 
syndrome.  All  patients  had  to  sign  a  written  informed  consent 
approved  by  the  Institutional  Review  Board  at  the  University  of 
Texas  M.  D.  Anderson  Cancer  Center.  Patients  taking  agents 
that  might  alter  the  metabolism  of  lonafamib  via  the  CYP3A4 
hepatic  enzymatic  system  (such  as  azoles,  macrolides,  cyclos¬ 
porin,  systemic  corticosteroids,  estrogens,  antiseizure  drugs,  ri¬ 
fampin,  or  isoniazid),  or  who  had  metastases  to  the  brain  were 
excluded  from  the  study. 

Patients  received  lonafamib  capsules  p.o.  twice  daily 
(b.i.d.)  with  food  as  50-mg,  75-mg,  and  100-mg  formulations  in 
combination  with  paclitaxel  administered  i.v.  every  3  weeks  at 
135  mg/m2  or  175  mg/m2  over  3  h  (Fig.  2).  Premedication 
consisted  of  20  mg  i.v.  dexamethasone  and  8  mg  of  i.v.  ondan¬ 
setron. 

Statistical  Methods.  The  dose-finding  portion  of  the 
trial  was  conducted  in  a  group  of  patients  with  a  variety  of 
different  head  and  neck  and  lung  cancers.  The  principal  scien¬ 
tific  goal  was  to  determine  a  MTD,  defined  as  the  dose  level  at 
which  the  toxicity  rate  was  closest  to  20%  and  less  than  33% 
with  at  least  33%  of  patients  experiencing  dose-limiting  toxic¬ 
ides  (DLT)  at  the  next  higher  level.  DLT  was  defined  as  the 
following:  absolute  neutrophil  count  <  500/jxl  for  longer  than  5 
days  or  with  fever  S  38.3°C;  grade  4  thrombocytopenia  (plate¬ 
lets  <  25,000/p.l)  or  anemia  (Hb  <  6.5  g/dl);  grade  3-4  nausea' 
vomiting  or  grade  3  diarrhea  despite  optimal  antiemetic  or 
antidiarrheal  treatment;  or  any  other  grade  3  treatment-related 
nonhcmatological  toxicity;  and  treatment  delay  for  toxicity  last¬ 
ing  >2  weeks. 

Associations  between  pairs  of  variables  were  assessed  us¬ 
ing  the  Fisher  exact  test,  Kruskal-Wallis  test,  and  Jonkheere- 


Fig.  2  Study  design.  Patients  begin  lonafamib  I  week  before  receiving 
paclitaxel.  Reevalualion  occurs  after  every  three  cycles  of  treatment,  [f 
patients  have  responsive  or  stable  disease,  they  proceed  on  study.  If 
patients  have  progressive  disease,  they  go  off  the  study  protocol.  CT. 
computed  tomography;  MRJ,  magnetic  resonance  imaging. 
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Table  I  Number  of  patients  and  cycles  by  dose  level  of  paclitaxel 
and  lonafamib  in  Phase  I  trial 


Dose 

levels 

Paclitaxel 

(mg/mJ) 

Lonafamib 
(mg  b.i.d.) 

Cycles 

No.  of 
patients 

1 

135 

50 

0 

0 

2 

135 

100 

1-9 

3 

10-15 

2 

16-32 

1 

3 

175 

100 

1-3 

9 

4-6 

6 

7 

5 

8 

4 

9 

2 

10-11 

1 

3A 

175 

125 

1 

5 

2-3 

6 

4-6 

5 

7-8 

4 

9-10 

3 

11-17 

2 

18-24 

1 

4 

175 

150 

1-2 

4 

3-7 

3 

8 

2 

9-27 

1 

Terpstra  test  (25).  Regression  models  of  toxicity  on  the  doses  of 
paclitaxel  and  lonafamib,  and  the  indicator  of  prior  chemother¬ 
apy,  were  fit  using  exact  logistic  regression  (26, 27).  Confidence 
intervals  for  probabilities  of  toxicity  at  particular  dose  and  prior 
chemotherapy  combinations  were  computed  by  repeating  the 
exact  logistic  regression  on  1000  bootstrap  samples  of  the  data. 
All  of  the  compulations  were  carried  out  using  StatXact  and 
SAS  Proc  Logistic. 

Pharmacokinetic  Methods.  Plasma  lonafamib  and  pa- 
clitaxcl  concentrations  were  determined  using  validated  liquid 
chromatography  with  ui.|w«»r».  i-tuSs  u.ni.i. >.  nr.L 

the  high-performance  liquid  chromatography  method,  respec¬ 
tively.  The  lower  limits  of  quantitation  were  5.00  and  10.0  ng/ml 
plasma  for  lonafamib  and  paclitaxel,  respectively,  and  the  linear 
ranges  were  5.00-2500  ng/ml  and  10.0-2500  ng/ml,  respec¬ 
tively.  The  assay  precision  (%  coefficient  of  variation)  and 
accuracy  (%  Bias)  were  <11%  and  <10%,  respectively,  for 
lonafamib,  and  <9%  and  <6%,  respectively,  for  paclitaxel. 
Noninterference  from  the  respective  coadministered  drug  was 
demonstrated  for  both  of  the  lonafamib  and  paclitaxel  methods. 

Blood  samples  (—3  ml)  for  determination  of  plasma  lona¬ 
famib  and  paclitaxel  concentrations  were  collected  on  day  I  of 
Cycle  1.  Plasma  was  separated  by  centrifugation  (4°C,  —3000 
rpm  for  1 5  min),  then  divided  into  two  aliquots,  and  was  stored 
frozen  at  -70°C  until  shipped  to  the  analytical  facility. 

Individual  plasma  lonafamib  and  paclitaxel  concentrations 
were  used  for  pharmacokinetic  analysis  using  model-indepen¬ 
dent  methods.  The  maximum  plasma  concentration  (Cm„)  and 
time  of  maximum  plasma  concentration  (Tava)  were  the  ob¬ 
served  values.  The  terminal  phase  rate  constant  (K)  was  calcu¬ 
lated  as  the  negative  of  the  slope  of  the  log-linear  terminal 
portion  of  the  plasma  concentration-vermv-time  curve  using 


linear  regression.  The  terminal  phase  half-life,  tin,  was  calcu¬ 
lated  as  0.693 /K.  The  area  under  the  plasma  concentration- 
versus'-time  curve  from  time  0  to  the  time  of  final  quantifiable 
sample  (A  UC{tf))  and  from  time  0  to  12  h  (AUCl0_ ,2  h))  was 
calculated  using  the  linear  trapezoidal  method.  For  paclitaxel, 
the  AUC(lf)  was  extrapolated  to  infinity  when  appropriate  as 
follows:  AUC(X)  =  AUC(lf)  +  C(tf)/K,  where  C(l0  is  the  esti¬ 
mated  concentration  determined  from  linear  regression  at  time 
tf.  Total  body  clearance,  CL/F  (lonafamib)  or  CL  (paclitaxel), 
was  calculated  by  the  following  equation:  CL/F  =  Dose/ A  L/C. 
The  apparent  volume  of  distribution,  Vd/F  (lonafamib)  or  Vd 
(paclitaxel),  was  calculated  as:  Vd/F  =  (Dose/.-!  UC)/K. 

For  paclitaxel,  the  volume  of  distribution  at  steady  state, 
Vdss,  was  estimated  as  total  body  clearance  multiplied  by  mean 
residence  time  ( MRT ). 

RESULTS 

Twenty-four  patients  with  a  mean  age  of  58.3  years  were 
enrolled  on  this  Phase  I  study  at  the  University  of  Texas  M.  D. 
Anderson  Cancer  Center,  with  the  enrollment  of  new  patients 
beginning  on  June  16,  1999,  and  continuing  through  March  30, 
2000.  Twenty-one  patients  actually  received  both  paclitaxel  and 
lonafamib  (Table  1).  Patients  were  predominantly  male  (67%) 
and  Caucasian  (92%),  with  Kamofsky  performance  status  of  90 
to  100  (71%;  Table  2).  Slightly  more  than  one-half  of  the 
patients  had  a  primary  diagnosis  of  NSCLC. 

Toxicitics.  Among  all  of  the  dose  levels,  92%  of  patients 
reported  at  least  one  toxicity  at  any  grade  and  54%  of  patients 
reported  at  least  one  grade  3/4  treatment-emergent  nonhemato- 
logical  adverse  event  judged  to  be  related  to  the  study  drugs. 
The  most  common  treatment-related  treatment-emergent  nonhe- 
matological  adverse  events  (including  all  grades)  reported  were 
gastrointestinal  effects  in  92%  of  patients  (diarrhea  92%,  nausea 
79%,  vomiting  50%,  constipation  46%,  stomatitis  38%,  abdom¬ 
inal  pain  29%);  fatigue  (88%),  alopecia  (83%),  peripheral  neu¬ 
ropathy  (79%),  arthralgia  (71%),  infections  and  infestations  in 
50%  of  patients  (folliculitis  38%,  oral  candidiasis  13%,  pneu- 


Tahle  2  Patient  demographics  and  disease  characteristics 


Subjects  ( n ) 

24 

Age  (yr) 

Median 

59.5 

Range 

41-75 

Sex 

Men 

16(67%) 

Women 

8  (33%) 

Kamofsky  performance  status: 

Missing 

1  (4%) 

70-85 

6  (25%) 

90-100 

17(71%) 

Histology 

NSCLC" 

14(58%) 

Salivary 

6  (25%) 

HNSCC 

4(17%) 

Prior  chemotherapy  ( n  =  21) 

13 

Prior  taxane  (n  =  21) 

9 

“NSCLC,  non-small  cell  lung  cancer,  HNSCC,  head  and  neck 
squamous  cell  carcinoma. 
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Table  3  Number  of  patients  with  severe  (grade  3)  or  life-threatening  (grade  4)  nonhematologic  toxicities 

Toxic  effect 

Dose  level  2  (n  t=  3) 

Dose  level  3  (n  =  9) 

Dose  level  3A  (n  =  5) 

Dose  level  4  (n  =  4) 

Grade  3 

Grade  4 

Grade  3 

Grade  4 

Grade  3 

Grade  4 

Grade  3 

Grade  4 

Bronchitis 

0 

0 

0 

0 

1 

0 

0 

0 

Cardiac  arrest 

0 

0 

0 

0 

0 

0 

0 

1 

Chest  wall  pain 

0 

0 

1 

0 

0 

0 

0 

0 

Diarrhea 

0 

0 

2 

0 

1 

1 

2 

0 

Dysphagia 

0 

0 

1 

0 

0 

0 

0 

0 

Dyspnea 

0 

0 

0 

0 

1 

0 

0 

0 

Fatiguc/weakness 

0 

0 

0 

0 

0 

0 

2 

0 

Hyperglycemia 

0 

D 

0 

0 

0 

0 

1 

0 

Neuropathy,  peripheral 

0 

0 

0 

0 

1 

0 

0 

0 

Fever 

0 

0 

1 

0 

0 

0 

0 

0 

Infections  (pneumonia) 

0 

0 

0 

0 

1 

0 

0 

0 

Neoplasms,  benign  and  malignant 

0 

0 

I 

0 

0 

0 

0 

0 

Hyperbilirubinemia 

0 

0 

1 

0 

0 

0 

0 

0 

Table  4  Number  of  patients  with  hematological  toxicities  by  dose  level  during  the  treatment  penod 


Toxic  effect 

Dose  level  2 

Dose  level  3 

Dose  level  3  A 

Dose  level  4 

All 

Gd"  3 

Gd  4 

All  Gd  3 

Gd  4 

All 

Gd  3 

Gd  4 

All 

Gd  3 

Gd  4 

Neutropenia 

0 

0 

0 

2  0 

1 

2 

1 

1 

0 

0 

0 

Leukopenia 

1 

1 

0 

4  1 

1 

3 

1 

0 

1 

I 

0 

Anemia 

1 

0 

0 

2  1 

0 

3 

0 

0 

2 

0 

0 

“  Gd,  grade. 


monia  8%),  respiratory  system  disorders  (63%),  anorexia  (54%), 
rash  (46%),  weight  decrease  (29%);  dizziness  (25%);  fever, 
blurred  vision,  liver  and  biliary  system  disorders,  dehydration, 
myalgia,  dry  skin  (21%  each).  All  other  adverse  events  occurred 
in  fewer  than  20%  of  patients.  Grade  3  and  grade  4  nonhema- 
tological  toxicities  by  dose  level  are  listed  in  Table  3. 

Hematological  toxicities  occurred  in  54%  (13  of  24)  of 
patients  overall.  Seven  patients  (29%)  had  grade  3/4  hemato¬ 
logical  toxicities.  Table  4  shows  that  any  grade  and  grade  3/4 
anemia  occurred  in  34%  (8o[24)  and  4%  ( 1  of  24)  of  patients, 
respectively;  any  and  grade  J/4  leukopenia  occulted  in  j8% 
of  24)  and  21%  (5  of  24)  patients,  respectively;  and  any  and 
grade  3/4  neutropenia  occurred  in  17%  (4  of  24)  and  13%  (3  of 
24)  of  patients,  respectively.  Thrombocytopenia  at  any  level  was 
not  observed  in  this  study. 

Both  hematological  and  nonhcmatological  toxic  effects 
were  generally  mild  and  were  neither  more  common  nor  more 
severe  than  those  expected  with  paclitaxel.  Patients  had  a 
median  of  one  prior  treatment  with  13  of  22  evaluable  pa¬ 
tients  having  had  prior  chemotherapy  including  9  who  had  a 


prior  taxane  (Table  2).  Seven  of  the  9  patients  previously 
treated  with  a  taxane  had  disease  progression  on  or  within  3 
months  of  taxane-based  therapy,  and  10  of  13  pretreated 
patients  overall  had  progression  of  disease  on  or  within  3 
months  of  therapy. 

Protocol-Defined  DLTs.  Overall,  seven  patients  had 
DLTs  as  defined  by  protocol.  No  DLTs  were  seen  at  dose  level 
2.  One  patient  at  dose  level  3  had  grade  3  bilirubinemia.  When 
the  dose  was  escalated  to  level  4  (150  mg  b.i.d.  lonafamib  and 
175  mg/m2  paclitaxel)  two  of  four  patients  had  dose-limiting 
luxic  eu’cctx  in  the  first  cycle  (one  grade  4  neutropenic  fever, 
one  grade  4  diarrhea).  We  then  introduced  dose  level  3 A  (125 
mg  b.i.d.  of  lonafamib,  175  mg/m2  of  paclitaxel)  to  determine 
whether  an  intermediate  dose  level  would  be  tolerated.  At  this 
dose,  two  patients  had  grade  4  diarrhea  in  the  first  cycle.  All  of 
the  DLTs  were  reversible  on  modification  or  cessation  of  treat¬ 
ment.  On  the  basis  of  analysis  of  all  available  safety  data,  it  has 
been  determined  that  lonafamib  100  mg  b.i.d.  and  paclitaxel  175 
mg/in2  is  appropriate  for  further  evaluation  in  patients  with 
NSCLC. 


Table  5  Mean  (percentage  coefficient  of  variation)  pharmacokinetic  parameters  of  lonafamib 


Parameter 

Dose  level  2 

Dose  level  3 

Dose  level  3  A 

Dose  level  4 

(ng/ml) 

760  (25) 

960 (40) 

1394 (35) 

1267  (35) 

Median  7'^  (h);  range 

5;  3-8 

3;  0-10 

8;  4-12 

5  ;  3-6 

(ng  h/ml) 

5550  (51) 

8789  (32) 

12803 (36) 

15443  (NA) 

CIJF  (ml/min) 

364  (54) 

207  (33) 

181  (36) 

165  (NA) 

Cml„  (ng/ml) 

286  (84) 

524  (51) 

883  (35) 

1010(47) 

^ maximum  plasma  concentration;  7'mM,  time  of  maximum  plasma  concentration;  AUC0_l2 j,.  the  area  under  the  plasma  concentration  — 
versus  =  time  curve  from  lime  0  to  12  h;  CL/F,  total  body  clearance  (lonafamib);  Cm,„,  minimum  plasma  clearance. 
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Dot*  Level  2 


Fig.  3  Mean  (£  l  SD)  plasma  lonafamib  concentrations  after  multiple- 
dose  oral  administration  of  lonafamib  in  combination  with  single-dose 
3-h  i.v.  infusion  of  paclitaxel  to  patients  with  solid  tumors. 


Phurmacokinetics  of  Lonafarnib.  Nineteen  patients 
had  samples  collected  for  pharmacokinetic  evaluations.  Lona¬ 
famib  was  slowly  absorbed  after  oral  administration  with  food. 
Median  Tmn,  ranged  from  3  to  8  h  (Table  5;  Fig.  3).  Half-life 
O1/2)  could  not  be  estimated  in  this  study  because  of  the  lack  of 
a  definitive  terminal  phase  in  the  plasma  concentration-versus- 
time  profiles  after  b.i.d.  oral  administration  of  lonafamib  with 
food  (see  Fig.  3).  Mean  plasma  lonafamib  concentrations  at  12  h 
after  the  dose  were  —34-99%  of  the  corresponding  mean  C mMX 
values.  The  mean  total  body  clearance  ranged  from  1 65  to  364 
ml/min.  The  increases  in  lonafamib  AUC  values  were  dose- 
related  after  oral  administration  of  100  mg,  125  mg,  and  150  mg 
in  combination  with  paclitaxel  175  mg/m2.  After  administration 
of  lonafamib  100  mg  with  paclitaxel  175  mg/m2,  the  mean 
lonafamib  C ^  and  AUC  values  were  higher  than  those  with 
paclitaxel  135  mg/m2.  However,  given  the  variability  of  the  data 
and  sample  size,  the  distribution  of  individual  Cm„  and  AUC 
value"  in'v.-w’jj’fis?-!-  ss~r~  rxgc.  rcgardlesr 
dose  (Fig.  4).  The  Cmix  and  AUC  values  obtained  in  this  trial 
with  lonafamib  100  mg  in  combination  with  paclitaxel  were 
similar  to  those  obtained  in  previous  Phase  I  trials  in  which 
lonafamib  100  mg  was  administered  alone  (Table  6;  Refs. 
28-30).  Thus,  these  observations  suggest  that  a  single  dose  of 
either  135  mg/m2  or  175  mg/m2  of  paclitaxel  did  not  affect  the 
pharmacokinetics  of  lonafamib. 

Pharmacokinetics  of  Paclitaxel.  Plasma  paclitaxel  con¬ 
centrations  (Cnui<  and  AUC)  were  similar  among  the  dose 
groups  for  paclitaxel  175  mg/m2  with  lonafarnib  100  mg,  125 
mg,  and  150  mg  (Table  7;  Figs.  5  and  6).  There  appear  to  be  no 
effects  on  paclitaxel  pharmacokinetics  at  a  dose  of  175  mg/m2 
paclitaxel  when  the  lonafamib  dose  is  increased  from  100  mg  to 
150  mg.  The  relationships  between  dose  and  paclitaxel  Cmlut  or 
AUC  values  were  disproportionate  after  the  administration  of 
paclitaxel  135  mg/m2  and  175  mg/m2  in  combination  with 
lonafamib  100  mg;  a  30%  increase  in  paclitaxel  dose  resulted  in 
an  increase  of  -74%  in  C^,  and  -87%  in  AUC.  This  finding 
provided  additional  evidence  for  the  nonlinear  disposition  for 
paclitaxel,  as  noted  previously  (31). 

Plasma  paclitaxel  concentrations  decreased  rapidly  im¬ 


mediately  after  cessation  of  the  3-h  infusion,  which  was 
followed  by  a  prolonged  terminal  phase  (see  Fig.  5).  The 
mean  terminal  elimination  tu2  of  paclitaxel  ranged  from  12  to 
19  h  when  blood  samples  were  collected  up  to  48  h  postdose 
for  the  first  17  patients.  The  mean  tm  was  —6  h  when  blood 
samples  were  collected  up  to  24  h  postdose  for  patients 
18-24  (see  Table  7).  The  6-h  half-life  was  similar  to  that 
reported  in  the  literature  (31).  The  Cmox  and  AUC  values 
obtained  in  this  study  were  similar  to  those  previously  re¬ 
ported  when  paclitaxel  was  given  alone  as  a  3-h  i.v.  infusion 
(Table  8;  Ref.  31). 

Clinical  Activity.  The  median  number  of  treatment 
cycles  on  trial  was  eight,  with  a  median  of  seven  cycles 
containing  paclitaxel.  Activity  was  seen  at  the  four  dose 
levels  studied  (2,  3,  3A,  and  4).  Nine  responses  were  durable, 
which  we  defined  as  a  response  detected  at  three  or  six  cycles 
and  confirmed  at  six  or  eight  cycles,  with  median  response 
duration  of  6  months  (range,  4-14  months).  Most  provoca¬ 
tively,  we  saw  meaningful  responses  in  three  patients  who 
had  received  prior  laxane-based  therapy,  including  two 
of  five  NSCLC  patients  who  met  the  standard  definition 
of  taxanc  resistance  (progression  on  or  within  3  months 


Fig.  4  Individual  and  mean  (il  SD)  Cm„  {A)  and  AUCa_n  „  values 
( B )  of  lonafamib  after  multiple-dose  oral  administration  of  lonafamib  in 
combination  with  single-dose  3-h  i.v.  infusion  of  paclitaxel  to  patients 
with  solid  tumors. 
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Table  6  Mean  (coefficient  of  variation)  pharmacokinetic  parameters  of  lonafamib  after  multiple-dose  administration  of  lonafamib  100  mg  alone 
_ _ (previous  Phase  I  studies)  or  in  combination  with  paclitaxel  (this  study) 


Study 

Dose 

n 

(ng/ml) 

AUCa  u  (ng-h/ml) 

This  study 

100  +  135* 

3 

760  (25) 

5550(51) 

This  study 

100  175* 

8 

960  (40) 

8789' (32) 

Eskens  et  al.J 

100' 

3 

942  (58) 

7299 (75) 

Adjei  el  at/ 

100 

1 

1680  (N  A) 

18295  (NA) 

Hurwitz  el  at* 

100 

2 

784  (NA) 

6221  (NA) 

maximum  plasma  concentration;  A  UCU   I2,  the  area  under  the  plasma  concentration  •  versus  -  time  curve  from  time  0  to  12  h;  NA  not 

appropriate  (sample  size  <  3). 

*  Lonafamib  dose  (mg)  +  paclitaxel  dose  (mg/m2). 


cn  =  6. 

J  Ref.  34. 

'  Lonafamib  alone  dose  (mg). 
/Ref.  32. 

*  Ref.  33. 


Table  7  Mean  (percentage  coefficient  of  variation)  pharmacokinetic  parameters  of  paclitaxel 


Parameter 

Dose  level  2 

Dose  level  3 

Dose  level  3  A 

Dose  level  4 

(ng/ml) 

1937(19) 

3368 (55) 

4258 (43) 

3515  (38) 

/ft/C.  (ng-h/ml) 

9936 (7) 

18563 (40) 

17526  (38) 

17634 (23) 

*t a  (h) 

18.6(12) 

13.3  (9) 

5.62  (15) 

12.1  (24) 

CL  (ml/mm/m2) 

227  (8) 

182 (43) 

183 (33) 

171  (19) 

Vd  (liter/m2) 

365  (7) 

211 (47) 

88.1  (35) 

174  (9) 

Vdss  (liter/m‘) 

130(16) 

90.6  (54) 

40.2  (47) 

66.9(12) 

C— ,  maximum  plasma  concentration;  AUCm  area  under  the  plasma  concentration  -  versus  -  time  curve  from  time  0  to  the  final  quantifiable 

sample  extrapolated  to  infinity;  tla,  terminal  phase  half-life;  CL,  total  body  clearance;  Vd,  volume  of  distributions;  Vdss,  the  volume  of  distribution 
at  steady  state. 


Fig  5  Mean  plasma  paclitaxel  concentrations  after  single-dose  3-h  i.v. 
infusion  of  paclitaxel  in  combination  with  multiple-dose  oral  adminis¬ 
tration  of  lonafamib  to  patients  with  solid  tumors 


of  taxane  therapy).  Only  4  of  21  patients  had  progressive 
disease  by  cycle  3,  although  all  21  patients  had  manifested 
disease  progression  within  3  months  of  study  enrollment. 

At  the  cycle-3  assessment  interval,  7  patients  demonstrated 
a  partial  response,  10  had  minor  responses  or  stable  disease,  and 
4  had  progressive  disease  (Table  9).  Six  of  7  responses  were 
confirmed  after  six  cycles.  When  total  responses  achieved  on 
study  were  examined,  6  (50%)  of  the  12  patients  with  NSCLC 
achieved  a  partial  response.  In  the  setting  of  head  and  neck 


squamous  cell  carcinoma,  two  of  the  three  patients  had  a  partial 
response,  and  the  one  patient  with  a  salivary  gland  tumor  had 
prolonged  disease  stabilization  and  was  treated  for  30  cycles 
before  disease  progression.  No  significant  associations  were 
noted  between  response  after  three  cycles  or  after  six  cycles  and 
the  dose  of  either  lonafamib  (P  =  0.81,  P  =  0.70,  respectively) 
or  paclitaxel  (P  =  0.19,  P  =  0.32,  respectively). 


Fig  6  Individual  and  mean  (±1  SD)  values  of  paclitaxel  after 
single-dose  3-h  i.v.  infusion  of  paclitaxel  in  combination  with  multiple- 
dose  oral  administration  of  lonafamib  to  patients  with  solid  tumors. 
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Table  8  Mean  (coefficient  of  variation)  pharmacokinetic 
in  combination  with  multiple-dose  lonafamib  100  mg  b 

parameters  of  paclitaxel  after  3-h  i.v.  infusion  of  paclitaxel  135  mg/m2  or  175  mg/m2 
.i.d.,  125  mg  b.i.d.,  or  150  mg  b.i.d.  (this  study)  or  alone  (previously  reported  study) 

Dose  Study  n 

(ng/ml)  AUC„  (ng-h/ml)  CL  (ml/min/m2) 

1 35  This  study  3 

Gianni  el  al."  4 

175  This  study  16 

Gianni  el  al.“  3 

1937(19)  9936(7)  227(8) 

2818(12)  9308(10)  247(9) 

3627(46)  1 8309c  (34)  1 79^  (34) 

5038(15)  15797(16)  190(16) 

*  Cm.,,  maximum  plasma  concentration;  AUCm,  area  u 

sample  extrapolated  to  infinity;  CL,  total  body  clearance 

*  Ref.  35. 

'n  =  15. 

mder  the  plasmu  concentration  -  versus  -  time  curve  from  time  0  to  the  final  quantifiable 

DISCUSSION 

Other  than  the  occasionally  dose-limiting  side  effect  of 
diarrhea,  lonafamib  did  not  seem  to  contribute  any  significant 
side  effects  to  those  caused  by  paclitaxel.  Patients  with  previous 
chemotherapy  had  a  higher  risk  of  toxicity.  The  substantial 
overlap  of  the  eight  90%  confidence  intervals  is  due  in  large  part 
to  the  small  sample  size  (n  =  21  evaluable  patients).  The  only 
disccmable  trend  with  dose  is  an  increase  in  the  upper  confi¬ 
dence  limit  with  increasing  total  combined  dose.  Seven  of  the 
eight  confidence  intervals  contain  the  targeted  30%  toxicity  rate. 
More  precise  estimates  of  the  probability  of  toxicity  would 
necessitate  a  larger  sample  size.  The  MTDs  of  lonafamib  and 
paclitaxel  in  this  trial  were  lower  than  the  doses  recommended 
for  either  agent  alone.  The  MTD  of  lonafamib  alone  was  deter¬ 
mined  to  be  200  mg  b.i.d.  DLTs  in  studies  of  lonafamib  alone 
were  generally  similar  to  those  seen  in  this  trial  and  included 
reversible  renal  insufficiency  (elevated  creatinine  levels),  gas¬ 
trointestinal  symptoms  (diarrhea,  nausea,  vomiting,  anorexia), 
and  hematological  toxicities.  Phase  I  studies  of  paclitaxel  have 
demonstrated  an  MTD  of  200  mg/m2  for  a  single  continuous 
infusion  i.v.  regimen.  Myelosuppression  and  neurotoxicity  are 


the  primary  DLTs  of  paclitaxel.  Severe  allergic  reactions  and 
skin  rash  associated  with  the  vehicle  (cremaphor  EL)  necessitate 
pretreatment  with  dexamethasone,  diphenhydramine,  and  cime- 
tidine  or  ranitidine. 

No  pharmacokinetic  evidence  was  observed  that  either 
paclitaxel  or  lonafamib  enhanced  the  metabolism  of  the  other 
agent.  The  pharmacokinetic  values  suggest  that  areas  under  the 
curve  of  both  drugs  were  achieved  in  the  active  range.  The  target 
exposure  for  lonafamib  in  clinical  studies  was  to  maintain  a 
predose  concentration  in  the  range  of  1-1.5  p.M  based  on  the 
concentration  required  to  inhibit  anchorage-independent  growth 
of  a  series  of  human  tumor  cell  lines. 

We  saw  encouraging  clinical  activity  in  this  Phase  I  study 
of  combined  paclitaxel  and  lonafamib,  confirming  the  preclin- 
ical  activity  previously  reported  for  this  combination  (14, 20,  22, 
32-34).  Several  Phase  I  studies  of  famesyltransferase  inhibitors 
have  now  been  published  (28-30,  35-39).  Before  this  study,  a 
total  of  two  responses  have  been  documented  (one  each  with 
tipifamib  and  lonafamib)  in  previously  treated  patients  with 
NSCLC  (29,  36).  The  activity  manifested  with  this  protocol 
using  fairly  moderate  doses  of  lonafamib  and  paclitaxel  is  more 


Table  V  Clinical  activity  of  lonafamib  in  combination  with  paclitaxel 


Aflei  3  Cycles 

Partial  response 

Minor  response 

Stable  disease 

Progressive  disease 

Not  assessed 

-  -  .  -  . 

7  patients  (3  previously  treated  with  taxancs) 

3  patients 

7  (4  previously  treated  with  laxanes) 

4  (2  previously  treated  with  taxancs) 

3(1  did  not  tolerate  lonafamib  at  I2S  mg  b.i.d.) 

Median  no.  of  total  cycles  on  study: 

Median  no.  of  paclitaxel  courses  on  study: 

8  (range,  2-30) 

7  (range,  2-30) 

After  6  to  9  Cycles 

Partial  response 

Minor  response 

Stable  disease 

Progressive  disease 

Not  assessed 

8  patients  (3  previously  treated  with  laxanes) 

2  patients 

6  (4  previously  treated  with  taxanes) 

2  (2  previously  treated  with  taxanes) 

3 

Median  no.  of  total  cycles  on  study: 

Median  no.  of  paclitaxel  courses  on  study: 

8  (range,  2-30) 

7  (range,  2-30) 

Any  response  by  histology 

NSCLC" 

HNSCC 

Salivary 

12  patients  (6  PR,  3  MR  or  StD,  3  PD)4 

3  patients  (2  PR,  I  StD) 

6  patients  (1  PR,  4  StD,  1  PD) 

NSCLC,  non-small  cell  lung  cancer:  PR,  partial  response;  MR,  minor  response;  StD,  stable  disease;  PD,  progressive  disease  HNSCC  head 

and  neck  squamous  cell  carcinoma. 

Five  patients  (ail  NSCLC)  were  considered  taxanc-rcfractory/rcsistant.  PRs  were  seen  in  2  of  5  taxane-rcfractory/resistant  NSCLC  patients. 
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substantial.  It  is  particularly  heartening  because  little  if  any 
evidence  exists  to  support  the  efficacy  of  paclitaxel  as  a  second- 
line  agent  when  administered  as  a  3-h  infusion  on  a  3-week 
cycle  (40-44). 

The  extent  of  disease  stabilization  that  our  trial  revealed 
with  this  regimen  was  dramatic  in  an  extensively  pretreated 
heterogeneous  patient  population  with  progressive  disease  at  the 
time  of  study  enrollment.  Recent  evidence  suggests  that  the 
stabilization  of  NSCLC  may  lead  to  clinically  meaningful  sur¬ 
vival  benefits. 

In  conclusion,  this  is  the  first  reported  clinical  study  of  the 
combination  of  a  taxane  with  a  famesyltransferase  inhibitor  in 
human  solid  tumors.  Phase  11  trials  of  the  combination  as  first- 
line  and  second-line  therapy  of  stage  III  and  IV  NSCLC  are 
ongoing  to  confirm  or  refute  our  data-driven  hypothesis, 
namely,  that  lonafamib  may  enhance  taxane  sensitivity  and 
possibly  overcome  clinical  taxane  resistance  in  solid  tumors. 
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ABSTRACT 

The  pi 6INK4‘  and  RASSFIA  are  tumor  suppressor 
genes  frequently  inactivated  by  tie  novo  promoter  hyperm¬ 
ethylation  in  non-small  cell  lung  cancer.  We  studied  119 
patients  with  non-small  cell  lung  cancer  (70  stage  1/11  and  49 
stage  1 1 1  A)  who  had  undergone  surgery  with  curative  intent. 
Thep/6INK4“  and  RASSFIA  promoter  methylation  statuses 
were  determined  by  methylation-specific  PCR.  Statistical 
analyses,  all  two-sided,  were  performed  to  determine  the 
prognostic  effect  of  hypermethylation  on  various  clinical 
parameters.  Hypermethylation  of  the  pl6,r,K4‘  and 
RASSF1A  promoters  was  found  in  58  (49%)  and  46  (39%) 
tumors,  respectively,  and  30  tumors  (25%)  exhibited  hyper¬ 
methylation  of  both  gene  promoters.  In  patients  with  stage 
I/II  tumors,  only  /j/6,NK4“  promoter  hypermethylation  was 
associated  with  a  poor  5-year  overall  survival  rate  (P  = 
0.002).  In  patients  with  stage  III  A  disease,  however, 
RASSFIA  promoter  hypermethylation  was  a  stronger  pre¬ 
dictor  of  a  poor  5-year  overall  survival  rate  (P  <  0.0001) 
than  p/6,NK4"  promoter  hypermethylation.  Among  the  49 
patient"-  wi'h  stage  IUA  tumors,  16  (89%)  of  the  18  patient; 
whose  tumors  showed  RASSFIA  promoter  hypermcthyla- 
tion  died  within  3  years  after  surgery,  as  compared  with  only 
12  (39%)  of  the  31  patients  whose  tumors  had  no  RASSFIA 
promoter  hypermethylation  (P  <  0.0001).  Multivariate  anal¬ 
ysis  indicated  that  RASSFIA  promoter  hypermethylation 
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was  the  stronger  independent  predictor  for  survival  in  pa¬ 
tients  with  locally  advanced  non-small  cell  lung  cancer.  Our 
results  indicate  that  p!6l!*K4*  promoter  hypermethylation 
predicts  a  poor  5-year  survival  rates  for  patients  with  re¬ 
sectable  non-small  cell  lung  cancer,  particularly  for  those 
with  early  stage  tumors,  whereas  RASSFIA  promoter  hy¬ 
permethylation  is  a  profound  prognostic  predictor  for  pa¬ 
tients  with  locally  advanced  non-small  cell  lung  cancer,  sug¬ 
gesting  an  important  role  of  RASSFIA  in  non-small  cell  lung 
cancer  progression. 

INTRODUCTION 

Non-small  cell  lung  cancer  constitutes  80%  of  all  primary 
lung  cancers,  which  are  the  leading  cause  of  cancer-related 
death  in  both  men  and  women  in  the  United  States  (1).  Despite 
advances  in  the  treatment  of  the  disease  over  the  past  two 
decades,  the  prognosis  of  patients  with  non-small  cell  lung 
cancer  has  improved  only  modestly,  with  the  5-year  overall 
survival  rate  increasing  from  11%  in  the  1970s  to  15%  in  the 
late  1990s  (2).  Patients  with  early  stage  non-small  cell  lung 
cancer  generally  have  a  better  survival  than  those  with  ad¬ 
vanced-stage  tumors.  For  example,  patients  with  stage  I  non¬ 
small  cell  lung  cancer  are  expected  to  have  an  approximate  60% 
5-year  overall  survival  rate  after  surgical  resection  of  their 
primary  tumors,  whereas  those  with  stage  IllA  disease  have  an 
estimated  25%  5-year  overall  survival  rate  after  surgery  fol¬ 
lowed  by  radiation  with  or  without  chemotherapy. 

Biological  features  of  non-small  cell  lung  cancer  are  de¬ 
termined  by  underlying  molecular  alterations  of  the  tumors, 

,rr.i,,4;n„  0f  q,„  gen^o  (3—5) 

Besides  mutations  and  deletions  of  genes,  it  is  now  clear  that  de 
novo  promoter  hypermethylation  is  a  common  mechanism  to 
inactivate  tumor  suppressor  genes  (6-8).  The  p/6rNK4“  tumor 
suppressor  gene  located  on  9p21  encodes  a  cyclin-dependent 
kinase  inhibitor  important  for  G,  cell  cycle  arrest  (9,  10). 
Promoter  hypermethylation  of  the  gene  has  been  observed  fre¬ 
quently  early  in  lung  carcinogenesis,  including  in  individuals 
exposed  to  tobacco  carcinogens  but  without  evidence  of  cancer 
(11-13).  The  RASSFIA  tumor  suppressor  gene  is  located  at 
3p21,  a  region  frequently  deleted  in  non-small  cell  lung  cancer 
(14).  Another  common  mechanism  to  inactivate  RASSFIA  is 
promoter  hypermethylation  of  the  gene  (15-17).  RASSFIA  has 
been  shown  to  bind  to  the  Ras-GTP  binding  protein  Norel, 
consistent  with  its  role  as  a  negative  effector  of  Ras  oncoprotein 
(18).  In  contrast  to  pl6'SK4‘,  which  is  inactivated  early  in  lung 
carcinogenesis  (13,  19),  hypermethylation  of  the  RASSFIA  pro¬ 
moter  occurs  relatively  late  (20),  suggesting  RASSFIA  might  be 
important  in  non-small  cell  lung  cancer  progression. 

Because  of  the  difference  in  timing  between  methylation  of 
the  /7/6INK4“  and  RASSFIA  promoters  in  lung  carcinogenesis, 
we  wanted  to  determine  the  clinical  impact  of  these  abnormal- 
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tties  alone  or  in  combination  on  patients  with  non-small  cell 
lung  cancer.  We  studied  the  primary  tumors  from  1 19  patients 
with  surgically  respectable,  stage  I-1ILA  non-small  cell  lung 
cancer  for  their  /j/firNK'1*  and  RASSFIA  promoter  mcthylation 
status  for  associations  between  the  methylation  status  and  clin¬ 
ical  parameters. 

MATERIALS  AND  METHODS 

Study  Population.  One  hundred  nineteen  patients  who 
were  diagnosed  with  pathological  stage  I  to  1I1A  non-small  cell 
lung  cancer  and  had  undergone  lobectomy  or  pneumonectomy 
for  complete  resection  of  their  primary  tumors  at  The  University 
of  Texas  M.  D.  Anderson  Cancer  Center  between  1994  and 
2001  were  included  in  the  study.  The  selection  of  these  patients 
was  based  on  available  fresh  tumor  tissues  and  corresponding 
normal  lung  tissues.  The  clinical  information  and  follow-up  data 
were  based  on  chart  review  and  on  reports  from  our  Tumor 
Registry  Medical  Informatics.  Informed  consent  for  the  use  of 
residual  resected  tissues  for  research  was  obtained  from  all  of 
the  patients  in  the  study.  The  study  was  reviewed  and  approved 
by  the  Surveillance  Committee  of  the  institution.  None  of  the 
patients  with  stage  1  or  stage  II  disease  received  adjuvant  chem¬ 
otherapy  or  radiotherapy  before  or  after  surgery.  Among  49 
patients  with  stage  I11A  disease,  5  received  preoperative  chem¬ 
otherapy  or  chemoradiotherapy,  20  received  postoperative  con¬ 
current  chemoradiothcrapy,  17  received  postoperative  radiother¬ 
apy  alone,  2  received  postoperative  chemotherapy  alone,  and  5 
received  no  additional  treatment. 

DNA  Extraction  and  Methylation-Specific  PCR.  Fro¬ 
zen  tissues  were  homogenized,  and  genomic  DNA  was  extracted 
by  digestion  of  the  homogenized  tissues  in  a  buffer  containing 
50  mmol/L  Tris-HCI  (pH  8.0),  1%  SDS,  and  0.5  mg/ml  pro¬ 
teinase  K  at  42°C  for  36  hours.  The  digested  products  were 
purified  with  phenyl-chloroform  twice.  DNA  was  then  precip¬ 
itated  using  the  EtOH  precipitation  method  and  recovered  in 
distilled  DNase-free  water. 

For  the  melhylation-specific  PCR,  1  p.g  of  genrimi:  DNA 
from  each  tissue  sample  was  used  in  the  initial  step  of  chemical 
modification.  Briefly,  DNA  was  denatured  by  NaOIT  and  treated 
with  sodium  bisullite  (Sigma  Chemical  Co.,  St.  Louis,  MO). 
After  purification  with  Wizard  DNA  purification  resin  (Pro- 
mega  Corp.,  Madison,  WI),  the  DNA  was  treated  again  with 
NaOH  After  precipitation,  DNA  was  recovered  in  water  and 
prepared  for  PCR  using  specific  primers  for  either  the  methyl¬ 
ated  or  the  unmethylated p/6INK4“  or  RASSFIA  promoter:  pl6- 
MAS  (5'-ACCCGAC-CCCGAACCGCGACCGTAA-3')  and 
p  1 6-MS  (5*  -TT ATT AGAGGGTGGGGCGG ATCG-CGTGC- 
3')  for  the  methylated p/6INKJ"  promoter,  pl6-UAS  (5’-CAAC- 
CCCAAACCACAA-CCATAA-3”)  and  pl6-US  (5’-TTATTA- 
GAGGGTGGGGTGGATTGT-3')  for  the  unmethylatcd  pl6'NK’>‘ 
promoter,  RASSF1A-MAS  (5 ' -GCT AAC AAACGCG AACCG- 
3')  and  RASSFIA-MS  (5 ’-GGGTTTTGCG AGAGCGCG-3 ' ) 
for  the  methylated  RASSFIA  promoter;  and  RASSF1A-UAS 
(5'-CACTAACAAACACAAACC-3')  and  RASSFIA-US  (5’- 
GGTTTTT GTGAG AGTGT GTT -T AG-3 ' )  for  the  unmethyl¬ 
ated  RASSFIA  promoter.  PCR  was  carried  out  in  25  p.L  con¬ 
taining  about  100  ng  of  modified  DNA,  3%  dimethyl  sulfoxide, 
all  four  deoxynucleoside  triphosphates  (each  at  200  pM),  1.5 


mmol/L  MgCl2,  0.4  pM  PCR  primers,  and  1.25  units  of  HotStar 
Taq  DNA  polymerase  (Qiagen,  Inc.,  Valencia,  CA).  DNA  was 
amplified  in  500-pl  plastic  tubes  for  35  cycles  at  94°C  for  30 
seconds,  56  to  64°C  for  45  seconds,  and  72°C  for  60  seconds 
followed  by  a  5-minute  extension  at  72°C  in  a  temperature 
cycler  (Hybaid,  Omnigene,  Woodbridge,  NJ).  PCR  products 
were  separated  on  2.5%  agarose  gels  and  visualized  after  stain¬ 
ing  with  ethidium  bromide.  For  each  DNA  sample,  primer  sets 
for  methylated  DNA  and  unmethylatcd  DNA  were  used  for 
analysis.  CpGenomeTM  universal  methylated  DNA  (Chemicon 
International,  Temecula,  CA)  was  used  as  a  positive  control,  and 
water  replacing  for  DNA  was  used  as  blank  controls.  The 
hypermethylation  status  was  determined  by  visualizing  a  150-bp 
PCR  product  for  the  pl6lNK*l‘  promoter  and  a  169-bp  PCR 
product  for  the  RASSFIA  promoter  with  the  respective  methy- 
lation-specific  primer  sets.  All  PCRs  were  repeated  twice,  and 
the  results  were  reproducible. 

Statistical  Analysis.  The  x2  test  or  Fisher’s  exact  test 
were  used  to  test  the  association  between  categorical  variables 
The  Cochran-Armitage  trend  test  was  used  to  test  the  trend  of 
methylation  among  differentiation  levels.  Overall  survival,  dis¬ 
ease-specific  survival  (i.e.,  survival  rates  among  people  who 
died  of  lung  cancer-related  causes  specifically),  and  disease-free 
survival  (i.e.,  recurrence,  metastasis,  or  cancer  death  was  con¬ 
sidered  an  event)  were  analyzed.  Survival  probability  was  esti¬ 
mated  using  the  Kaplan-Meier  method.  The  log-rank  test  was 
used  to  compare  survival  times  among  groups.  Cox  regression 
was  used  to  model  the  risks  of  p/6INK'“  and/or  RASSFIA 
promoter  hypermethylation  on  survival  time,  with  adjustment 
for  clinical  and  histopathologic  parameters  (age,  sex,  tumor 
histology,  tumor  size,  smoking  status,  and  adjuvant  treatment). 
All  statistical  tests  were  two-sided,  and  P  <  0.05  was  consid¬ 
ered  statistically  significant. 

RESULTS 

Clinical  characteristics  of  all  patients  enrolled  in  the  study 
&r'C-:mT".rzei  in  Tab’:  •»*•.*:  -  ns  or  date  cf  November  !4, 
2003,  the  median  follow-up  period  was  51  months  (range,  16  to 
130  months).  Of  the  70  patients  with  stage  I  or  stage  11  disease, 
29  (41%)  were  still  alive,  35  (50%)  died  of  lung  cancer,  and  6 
(9%)  died  of  unrelated  causes.  No  significant  difference  in 
5-year  overall,  disease-specific,  and  disease-free  survival  rates 
were  observed  by  tumor  stage,  gender,  smoking  status,  differ¬ 
entiation  status,  and  histologic  subtype  in  this  patient  group. 
Among  the  49  patients  with  stage  IIIA  disease,  18  (37%)  were 
still  alive,  29  (59%)  died  of  lung  cancer,  and  2  (4%)  died  of 
unrelated  causes.  In  this  group  of  patients,  smokers  had  signif¬ 
icantly  poorer  5-year  survival  rates  than  the  nonsmokers  did 
(P  =  0.047,  P  =  0.03,  and  P  =  0.03  for  5-year  overall, 
disease-specific,  and  disease-free  survival  rates,  respectively). 
Thirty-five  (71%)  of  the  49  patients  received  postoperative 
radiotherapy  with  (26  patients,  including  5  with  preoperative 
chemotherapy)  or  without  (9  patients)  concomitant  chemother¬ 
apy,  whereas  14  patients  received  no  adjuvant  therapy  after 
surgery. 

Promoter  methylation  was  detected  in  58  (49%)  and  46 
(39%)  of  the  tumor  tissue  for  the  p/6INK4“  and  RASSFIA 
promoters,  respectively,  compared  with  13  (11%,  including  4 
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Table  1 

Characteristics  of  patients  and  tumors 

pl promoter  methylation  RASSFIA  promoter  methylation 

Absent 

Present  Absent  Present  Total 

Patients 

Gender* 

58  (49%) 

61  (51%) 

73(61%) 

46  (39%) 

119(100%) 

Female 

23  (49%) 

24(51%) 

33  (70%) 

14(30%) 

47  (39%) 

Male 

38  (53%) 

34  (47%) 

40  (56%) 

32  (44%) 

72  (61%) 

Mean  age  (±SD)  (y) 

Smoking  status 

65.0  ±  10.9 

63.5  +  9.1 

65.1  ±  10.2 

63.0  ±  9.9 

64.3  ±  10.1 

Nonsmoker 

22  (58%) 

16(42%) 

25  (66%) 

13(34%) 

38  (32%) 

Smoker 

39  (48%) 

42  (52%) 

48  (59%) 

33(41%) 

81  (68%) 

Histologic  type 

Adenocarcinoma 

34  (57%) 

26  (43%) 

40  (67%) 

20  (33%) 

60  (50%) 

Squamous  cell  carcinoma 

23  (47%) 

26  (53%) 

27  (55%) 

22  (45%) 

49(41%) 

Large  cell  carcinoma 

2  (29%) 

5(71%) 

6  (86%) 

1  (14%) 

7  (6%) 

Other 

2  (67%) 

1  (33%) 

0  (0%) 

3(100%) 

3  (3%) 

DtfTcrenlialiont 

Well 

5  (45%) 

6  (55%) 

9  (82%) 

2(18%) 

1 1  (9%) 

Moderate 

25  (50%) 

25  (50%) 

32  (64%) 

18(36%) 

50  (42%) 

Poor 

Stage 

31  (53%) 

27  (47%) 

32  (55%) 

26  (45%) 

58  (49%) 

1  and  11 

37  (53%) 

33  (47%) 

42  (60%) 

28  (40%) 

70  (59%) 

IIIA 

24  (49%) 

25(51%) 

31  (63%) 

18(37%) 

49(41%) 

Stage  1  and  II,  5-y  overall  survival 

61.7% 

28.3% 

50.6% 

41.1% 

46.5% 

Stage  III,  5-y  overall  survival 

53.5% 

10.8% 

45.6% 

0% 

30.8% 

Subset  analysis  indicated  that  male  patients  had  a  higher  rate  of  RASSFIA  promoter  methylation  than  females  in  stage  Ilia  group  (P  =  0.03). 

t  Subset  analysis  indicated  that  poorly  differentiated  tumors  had  a  higher  rate  of  RASSFIA  promoter  methylation  than  well  or  moderately 
differentiated  tumors  in  stage  Ilia  group  (P  =  0.04). 


samples  whose  corresponding  tumors  lacked  methylation  of  the 
pl6MK'"‘  promoter)  and  4  (3%)  in  the  corresponding  normal¬ 
appearing  lung  tissues  ( P  <  0.0001).  Unmethylated  promoters 
of  pl6lNK4‘  and  RASSFIA  were  detected  in  all  of  the  normal¬ 
appearing  lung  tissues  and  in  60%  of  tumor  tissues,  most  likely 
because  of  the  presence  of  normal  cells  in  the  tumor  samples. 
Examples  of  methylation-specific  PCR  results  are  shown  in  Fig. 
1.  The  undetectable  unmethylated  promoter  in  some  of  the 
tumors  might  be  because  of  highly  enriched  tumor  cells  in  the 
tissues  or  the  relatively  low  sensitivity  of  rvtr.asrny.  tn_p;c;kp,r'. 
small  quantities  of  unmethylated  molecules.  In  patients  with 
stage  I  or  stage  II  non-small  cell  lung  cancer,  tumors  with 
methylation  of  the  p/d1NK4“  promoter  had  a  higher  frequency  of 
RASSFIA  promoter  methylation  than  those  without  pl6XNK*u 
promoter  methylation,  58%  versus  24%  (P  =  0.005),  suggesting 
that  R.4SSI- 1 A  promoter  methylation  tends  to  occur  in  tumors 
with  pl6lSK 44  promoter  methylation  because  RASSFIA  pro¬ 
moter  methylation  occurs  late  in  lung  carcinogenesis  (20).“ 
However,  this  association  was  not  significant  in  tumors  from 
patients  with  stage  111A  disease  (44%  versus  29%;  P  =  0.28). 
Altogether,  30  tumors  (25%;  19  stage  I/II  stage  IUA)  showed 
concomitant  methylation  of  both  and  RASSFIA  pro¬ 

moters. 

We  analyzed  the  potential  association  between  the  mcdiy- 
lation  status  of p/6INK4“  and  RASSFIA  promoters  and  sex,  age, 
smoking  history,  histology,  differentiation,  and  tumor  stage. 
RASSFIA  promoter  methylation  was  more  frequently  observed 


4  L.  Mao,  unpublished  data. 


in  poorly  differentiated  tumors  (50%)  than  in  moderately  dif¬ 
ferentiated  (26%)  or  in  well-differentiated  tumors  (0%;  P  = 
0.04)  from  patients  with  stage  I1LA  non-small  cell  lung  cancer, 
but  there  was  no  such  association  in  tumors  from  patients  with 
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Fig.  I  Examples  of  promoter  methylation  status  measured  using  meth< 
ylation-spcciftc  PCR.  A,  PCR  products  of  methylated  or  unmethylated 
pi 6  0  promoter  from  primary  non-small  cell  lung  cancer  and  corre: 

sponding  normal  lung  tissues.  B,  PCR  products  of  methylated  or  un- 
methylatcd  RASSFIA  promoter  from  primary  non-small  cell  lung  can¬ 
cer  and  corresponding  normal  lung  tissues.  Molecular  weight  markers 
are  listed  on  left  side.  ( Seg ,  negative  controls  using  ummcthylatcd 
DNA,  Pos,  positive  controls  using  methylated  DNA  and  methylation- 
specific  primer  sets;  T,  primary  tumors;  N,  corresponding  normal  lung 
tissues;  U,  unmethylated  promoter;  M,  methylated  promoter.) 
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stage  l/II  disease  (P  =  0.48).  Additionally,  tumors  from  male 
patients  with  stage  ILIA  non-small  cell  lung  cancer  exhibited  a 
significantly  higher  frequency  of  RASSFIA  promoter  methyla¬ 
tion  (47%)  than  did  those  from  female  patients  ( 1 3%;  P  =  0.03). 

We  then  analyzed  the  effect  of  p/(5rNKJ“  and  RASSF1A 
promoter  methylation  on  the  survival  of  the  patient.  Because 
stage  II1A  patients  often  received  adjuvant  treatment  after  sur¬ 
gery,  whereas  stage  l/ll  patients  received  only  surgery,  we 
analyzed  the  two  groups  separately.  In  the  stage  L/II  group, 
patients  whose  tumors  contained  p/<5INK4“  promoter  methyla¬ 
tion  had  significantly  poorer  5-ycar  overall,  disease-specific, 
and  disease-free  survival  rates  ( P  =  0.002,  P  =  0.0005,  and  P  = 
0.0006,  respectively)  than  did  patients  whose  tumors  had  no 
pl 6 INK4“  promoter  methylation  (Fig.  2,  A-Q.  However,  the 
association  between  the  RASSFIA  promoter  methylation  status 
and  5-year  survival  rates  was  not  statistically  significant  ( P  = 
0.09,  P  =  0.07,  and  P  =  0.07,  respectively;  Fig.  2,  D-F). 
Multivariate  analysis,  including  clinical  parameters  and  pro¬ 
moter  methylation  status,  indicated  that  p/dINKJ"  promoter 
methylation  was  the  only  independent  predictor  of  5-year  over¬ 


all,  disease-specific,  and  disease-free  survivals.  In  patients  with 
stage  IILA  disease,  in  contrast  to  those  with  stage  I/II  tumors,  the 
RASSFIA  promoter  methylation  status  was  strongly  associated 
with  5-year  overall,  disease-free,  and  disease-specific  survivals 
{P  <  0.0001,  P  <  0.0001,  and  P  =  0.0006,  respectively;  Fig.  3, 
A-C),  as  was  the  p7<5INK4*  promoter  methylation  status  (P  = 
0.003,  P  =  0.002,  and  P  =  0.01,  respectively;  Fig.  3,  D-F). 
Although  both  RASSFIA  and  p/drNK4°  promoter  methylation 
status  were  independent  predictors  of  survival,  R.4SSF1A  was  a 
stronger  predictor  for  5-year  overall,  disease-specific,  and  dis¬ 
ease-free  survival  (hazard  ratio  =  4.76,  P  <  0.0001;  hazard 
ratio  =  6.29,  P  <  0.0001;  and  hazard  ratio  =  3.41,  P  =  0.0007 
versus  hazard  ratio  =  2.89,  P  =  0.007;  hazard  ratio  =  3.16,  P  = 
0.005,  and  hazard  ratio  =  2.36,  P  =  0.02,  respectively). 

To  determine  whether  R.4SSF1A  inactivation  might  have 
an  added  biological  value  in  patients  whose  tumors  also  carried 
pi promoter  methylation,  we  analyzed  the  5-year  survival 
rates  of  the  group  whose  tumors  had  methylation  of  both  gene 
promoters.  In  patients  with  stage  I/II  disease,  the  5-year  survival 
rates  of  patients  whose  tumors  had  methylation  of  both  promot- 
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Fig  2  Association  between  the  p/<5,NK4*  promoter  methylation  status  (A-C)  or  R4SSFIA  promoter  methylation  status  (D-F)  and  overall, 
uiseasc-spccmc.  and  disease-free  survival  in  patients  with  stage  I/II  non-small  cell  lung  cancer.  (0,  groups  without  methylation  of  promoter.  /.  groups 
wttn  methylation  of  promoter,  E/N,  number  of  events/total  number  in  each  group.) 
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Fig.  J  Association  between  the  RASSFIA  promoter  mcthylation  status  (A-Q  or  p/tf1NK4"  promoter  methylation  status  (D-F)  and  overall, 
disease-specific,  and  disease-free  survival  in  patients  with  stage  1IIA  non-small  cell  lung  cancer.  (0,  groups  without  mcthylation  of  promoter;  /,  groups 
with  mcthylation  of  promoter,  E/N,  number  of  cvents/tota!  number  in  each  group.) 


ers  were  significantly  worse  than  in  patients  whose  tumors  had 
no  promoter  mcthylation  or  methylation  of  only  one  promoter 
(P  =  0.01,  P  =  0.005,  and  P  =  0.005,  respectively,  for  5-year 
overall,  disease-specific,  and  disease-free  survival  rates;  Fig.  4, 
A-C).  Although  the  number  of  patients  was  small  in  the  stage 
IIIA  group,  the  association  between  patients  whose  tumors  had 
methylation  of  both  promoters  and  poor  survivals  was  striking 
(Fig.  4,  D-F).  All  II  patients  (100%)  in  this  category  died  of 
lung  cancer  within  3  years  after  surgery,  whereas  13  (62%)  of 
the  21  stage  IUA  patients  whose  tumors  had  methylation  of  only 
one  promoter  died  of  lung  cancer  in  5  years,  and  only  5  (29%) 
of  the  17  patients  whose  tumors  had  no  promoter  methylation 
died  of  lung  cancer  in  6.5  years  (P  <  0.0001  by  log-rank  test, 
Fig.  4 F). 

Because  35  (71%)  of  the  49  patients  with  stage  IIIA  tumors 
received  postoperative  radiotherapy  and  26  (53%)  of  the  pa¬ 
tients  received  adjuvant  chemotherapy,  we  wanted  to  determine 
whether  these  treatments  had  affected  the  predictive  value  of  the 
methylation  markers.  Despite  the  small  sample  size,  RASSFIA 
promoter  methylation  status  remained  a  predictor  of  overall 


survival  in  radiotherapy  and  nonradiotherapy  groups  {P  = 
0.0004  and  P  =  0.008,  respectively,  for  overall  survival)  as  well 
as  in  chemotherapy  and  nonchemotherapy  groups  ( P  =  0.001 
and  P  =  0.01,  respectively,  for  overall  survival). 

DISCUSSION 

The  pl6[NK4a  is  frequently  inactivated  in  non-small  cell 
lung  cancer  through  various  mechanisms,  including  promoter 
hypermethylation  (8,  11,  12,  21),  but  not  in  small  cell  lung 
cancers,  which  often  have  an  inactivated  retinoblastoma  tumor 
suppressor  gene.  The  reported  frequencies  of pl6mK*“  promoter 
hypermethylation  in  primary  non-small  cell  lung  cancer  have 
been  25  to  63%  (12,  22-24).  The  pl6WKA“  promoter  hyper¬ 
methylation  is  an  early  event  in  lung  carcinogenesis  even  in 
bronchial  epithelial  cells  chronically  exposed  to  lobucco  carcin¬ 
ogens  (13).  RASSFIA  contains  an  RAS-associated  domain, 
which  interacts  with  the  RAS  oncoprotein  to  promote  cellular 
apoptosis  as  well  as  to  inhibit  cyclin  D!  accumulation  (25,  26), 
and  a  putative  ataxia  telangiectasia,  mutated  kinase  phosphoryl- 
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Fig  4  Association  between  the  pi 6° 


'  promoter  methylation  status  and/or  RASSFIA  promoter  methylation  status  and  overall  survival  in  patients 
with  stage  I'll  (/t-C)  or  stage  III  A  ( D-F )  non-small  cell  lung  cancer.  Solid  line  indicates  groups  without  promoter  methylation  [number  of  events/total 
in  group  (£/Af);  12  of  28  for  A".  9  of  28  for  B,  12  of  28  for  C;  6  of  17  for  D\  5of  17  for  E\  and  9  of  17  for  F];  dotted  line  indicates  groups  with 
methylation  of  the  p //5,NK4*  or  the  RASSFIA  promoter  (&7V:  16  of  23  for  A:  13  of  23  for  B;  16  of  23  for  C;  14  of  21  for  O;  13  of21  for  £;  and  14 
of2l  for  F)\  dashed  line  indicates  groups  with  methylation  of  both  promoters  (£W:  13  of  19  for  A;  13  of  19  for  fl;  14  of  19  for  C:  and  II  of  1 1  for 
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ation  consensus  site,  which  links  RASSFIA  to  DNA-damagc 
response  (27).  RASSFIA  has  been  found  to  directly  bind  and 
stabilize  microtubule  structures,  suggesting  a  role  of  the  protein 
in  maintaining  genome  stability  (28).  It  was  shown  in  a  recent 
study  that  RASSFIA  regulates  mitosis  by  inhibiting  the  APC- 
cdc20  complex  (29),  Although  mutation  of  RASSFIA  is  rarely 
found  in  non-small  cell  lung  cancer,  the  gene  is  located  at  3p21, 
a  region  frequently  deleted  in  non-small  cell  lung  cancer,  and  its 
promoter  is  frequently  (30  to  38%)  hypcrmethylated  in  primary 
non-sinall  cell  lung  cancer  (17,  30,  31).  In  contrast  with 
pi diNK4“,  hypermethylation  of  the  RASSFIA  promoter  is  rarely 
detected  in  bronchial  epithelial  cells  chronically  exposed  to 
tobacco  carcinogens  (18),  suggesting  this  is  a  late  event  in 
carcinogenesis.  In  this  study,  the  much  lower  frequency  (3% 
versus  11%)  of  RASSFIA  promoter  hypermethylation  compared 
with  pl6mK*“  promoter  hypermethylation  detected  in  the  adja¬ 
cent  normal-appearing  lung  tissues  from  patients  with  non-small 
cell  lung  cancer  supports  this  notion. 


In  patients  with  early  stage  non-small  cell  lung  cancer, 
pi 6 tNK4“  promoter  methylation  was  a  predictor  of  the  clinical 
outcome  of  the  patient  (Fig.  2,  A-Q,  which  is  consistent  with 
earlier  reports  analyzing  either  p/dtNK-4*  promoter  methylation 
or  pld"4*4"  protein  expression  and  clinical  outcome  in  patients 
with  early  stage  non-smull  cell  lung  cancer  (11,  32,  33).  Two 
previous  reports  showed  that  patients  with  stage  I/ll  non-small 
cell  lung  cancer  that  contained  RASSFIA  promoter  methylation 
associated  with  adverse  survival  (31,  34).  Although  the  associ¬ 
ation  was  not  statistically  significant  in  this  study,  patients 
whose  stage  I/II  tumors  carried  RASSFIA  promoter  methylation 
had  poorer  5-year  survival  rates  (Fig.  2,  D-F). 

One  of  the  interesting  findings  in  our  study  was  that  pa¬ 
tients  with  stage  IIIA  disease  whose  tumors  carried  RASSFIA 
promoter  methylation  had  extremely  poor  5-year  survival  rates 
compared  with  those  without  the  abnormality.  This  was  in 
contrast  to  the  findings  in  patients  with  stage  I/ll  disease  (Figs. 
2  and  3).  Interestingly,  in  the  locally  advanced  tumors,  p/<5INK4“ 
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promoter  methylation  and  RASSFIA  promoter  methylation  were 
not  associated  (P  =  0.28;  Table  1),  again  in  contrast  with  data 
for  stage  l/II  tumors.  These  results  suggest  that  inactivation  of 
H4SSFIA  together  with  additional  molecular  alterations  that 
occur  between  the  early  stage  and  locally  advanced  stage  of 
non-small  cell  lung  cancer  renders  the  tumors  extremely  aggres¬ 
sive.  It  should  be  noted  that  RASSFIA  methylation  was  not 
associated  with  survival  in  patients  with  stage  III  non-small  cell 
lung  cancer  in  a  previous  report  (34).  But  that  study  had  a 
smaller  sample  size  and  lower  rate  of  methylation  frequency 
compared  with  stage  I/II  tumors  (34%  versus  54%)  in  the  same 
study  (34).  Additional  studies  are  therefore  needed  to  validate 
our  findings. 

The  finding  that  patients  with  methylation  of  both  gene 
promoters  had  a  poorer  5-year  overall,  disease-specific,  and 
disease-free  survival  rate  than  did  those  with  only  py6INK'1*  or 
RASSFIA  promoter  methylation  (Fig.  4,  A-Q  suggests  that  the 
inactivation  of  R.4SSFIA  might  make  the  tumor  cells  more 
aggressive.  This  dose-dependent  correlation  between  the  meth¬ 
ylation  status  and  survivals  among  patients  with  no  methylation 
in  any  of  the  two  promoters,  with  methylation  in  only  one 
promoter,  and  with  methylation  of  both  promoters  was  even 
more  profound  (Fig.  4,  D-F).  If  validated,  these  epigenetic 
abnormalities  may  be  useful  biomarkers  for  molecular  classifi¬ 
cation  of  patients  with  stage  II1A  non-small  cell  lung  cancer  as 
well  as  reasonable  therapeutic  targets. 
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Purpose 

To  analyze  the  prognostic  significance  of  six  molecular  biomarkers  (death-associated  protein 
kinase  [DAPK\  promoter  methylation,  interleukin-10  [IL-101  protein  expression,  cyclooxygenase-2 
ICOX-2]  mRNA  expression,  human  telomerase  reverse  transcriptase  catalytic  subunit  [hTERT] 
mRNA  expression,  retinoic  acid  receptor-beta  (RAR-/31  mRNA  expression,  and  K-ras  mutational 
status)  in  stage  I  non-small-cell  lung  cancer  (NSCLC)  patients. 

Patients  and  Methods 

Biomarker  analyses  were  performed  on  tumors  from  94  patients  with  stage  I  NSCLC  who 
underwent  surgical  resection  at  our  institution.  A  minimum  follow-up  period  of  5  years  was 
required.  DAPK  methylation  was  assessed  by  methylation-specific  polymerase  chain  reac¬ 
tion  (PCR).  RAR-/3,  COX-2,  and  hTERT  mRNA  levels  were  determined  by  in  situ  hybridization 
with  digoxigenin-labeled  antisense  riboprobes.  K-ras  mutation  status  was  determined  by  the 
PCR-primer  introduced  restriction  with  enrichment  for  mutant  alleles  method.  IL-10  protein 
expression  was  analyzed  by  Immunohistochemistry  using  a  polyclonal  antihuman  IL-10 
antibody.  Cancer-specific  survival  was  analyzed  with  a  Cox  proportional  hazards  model.  To 
identify  independent  prognostic  factors,  a  stepwise  selection  method  was  used. 

Results 

DAPK  methylation,  IL-10  lack  of  expression,  COX-2  expression,  hTERT  expression.  RAR-/3 
expression,  and  K-ras  mutations  were  observed  in  46.8%,  29  8%,  59.6%,  34.0%,  23.4%, 
and  34.0%  of  patients,  respectively.  In  the  final  model,  DAPK  methylation  and  IL-10  lack  of 
expression  were  significant  negative  prognostic  factors  for  cancer-specific  survival,  whereas 
COX-2  expression  was  of  borderline  significance. 

Conclusion 

In  this  cohort  of  resected  stage  I  NSCLC  patients,  molecular  markers  that  independently 
predict  cancer-specific  survival  have  been  identified.  The  prognostic  roles  of  DAPK  methyl¬ 
ation,  IL-10,  and  other  biomarkers  in  NSCLC  merit  further  investigation. 
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Lung  cancer  remains  a  worldwide  public 
health  issue  of  immense  proportions.  In  the 
year  2003.  cancers  of  the  lung  and  bronchus 
are  expected  to  continue  to  account  for 
the  most  cancer  deaths  in  the  United 
States  (157,200  deaths  or  28.2%),  more 
than  the  estimated  total  number  of  deaths 


as  a  result  of  cancers  of  the  breast,  pros¬ 
tate,  colon,  and  rectum  combined.1  Ap¬ 
proximately  80%  of  lung  cancers  will  have 
non— small-cell  carcinoma  histology.2 

Approximately  25%  of  patients  present 
with  early-stage  disease.3  The  standard 
treatment  is  surgical  resection  with  appro¬ 
priate  lymph  node  sampling  or  dissection. 
Although  early-stage  non-small-cell  lung 
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cancer  (NSCLC)  patients  have  a  relatively  favorable  prog¬ 
nosis,  the  risk  of  disease  recurrence  and  death  remains 
substantial.  Five-year  survival  rates  for  pathologic  stages  I 
and  II  disease  are  57%  to  67%  and  38%  to  55%,  respective¬ 
ly.'*  Identification  of  reliable  prognostic  factors  for  dis¬ 
ease  recurrence  and  death  could  have  significant  clinical 
import.  Patients  in  a  high-risk  group,  for  example,  would 
be  appropriate  candidates  for  novel  adjuvant  or  chemo- 
prevention  strategies. 

Both  our  group5'12  and  others13'16  have  focused  on 
identifying  molecular  prognostic  factors  in  early-stage 
NSCLC.  We  have  established  a  retrospective  cohort  of  stage 
I  NSCLC  patients  who  underwent  surgical  resection  at  our 
institution.  Over  the  past  few  years,  investigators  in  our 
group  have  analyzed  a  number  of  tumor  biomarkers  within 
this  valuable  clinical  research  database. 

Given  the  roles  that  retinoids  play  in  the  regulation  of 
cell  growth,  differentiation,  and  apoptosis,  Khuri  et  al8  in¬ 
vestigated  the  prognostic  significance  of  retinoic  acid 
receptor-beta  (RAR-/3)  mRNA  expression  in  156  patients. 
Because  RAR-/3  expression  seems  to  be  suppressed  during 
carcinogenesis,  these  investigators  hypothesized  that  lower 
RAR-/3  levels  would  predict  a  poor  clinical  outcome.  Sur¬ 
prisingly,  overall  survival  was  significandy  worse  in  patients 
with  strongly  positive  RAR-/3  expression.  Because  one 
RAR-/3  isoform,  RAR-/34,  may  promote  hyperplasia  and 
neoplasia,1'  the  authors  hypothesized  that  differential  ex¬ 
pression  of  RAR-/3  isoforms  may  be  a  possible  explanation 
for  their  unexpected  findings. 

Khuri  et  al9  subsequendy  evaluated  cyclooxygenase- 2 
(COX-2)  mRNA  expression  and  correlated  it  with  the  ex¬ 
pression  of  RAR-/3  in  this  cohort  of  stage  I  NSCLC  patients. 
COX-2  overexpression  had  previously  been  demonstrated 
in  lung,  head  and  neck,  and  other  tumors,18'20  and  cell  line 
data  indicated  that  retinoic  acid  could  suppress  COX-2.21 
I  hese  investigators  found  that  COX-2  expression  was  asso¬ 
ciated  with  worse  overall  and  disease-free  survival  and  that 
COX  2  uid  RAR  j3  mRNA  levels  were  correlated.  These 
findings  were  in  conflict  with  the  prior  cell  line  data,  which 
would  have  predicted  that  RAR-jl  upregulation  should 
downregulate  COX-2. 

Telomerase  is  a  ribonucleoprotein  that  lengthens  and 
maintains  the  ends  ofchromosomes  that  are  shortened  with 
successive  cell  divisions.22  Telomerase  is  expressed  in  up  to 
85%  ofNSCLC  tumors  and  plays  a  critical  role  in  sustaining 
cellular  immortality  and  carcinogenesis.23,24  Wang  et  al" 
examined  mRNA  expression  of  the  human  telomerase  re¬ 
verse  transcriptase  catalytic  subunit  (hTERT)  in  153  pa¬ 
tients  from  our  database.  Positive  hTERT  expression  was 
significantly  associated  with  worse  overall  and  disease- 
specific  survival. 

Tang  et  al7  examined  hypermethylation  of  the  death- 
associated  protein  kinase  ( DAPK)  promoter  in  135  patients 
from  this  cohort.  Epigenetic  inactivation  of  tumor  suppres- 
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sor  genes  by  promoter  hypermethylation  frequently  occurs 
in  NSCLC.'5,20  DAPK  is  a  putative  tumor-suppressor  gene 
that  encodes  for  a  calmodulin-dependent  kinase  that 
possesses  a  death  domain  at  its  C  terminus.27  DAPK  is 
required  for  interferon-gamma-induced  apoptosis  and 
seems  to  suppress  the  metastatic  ability  of  lung  cancer 
cells.28  In  the  study  by  Tang  et  al,7  DAPK  hypermethyl¬ 
ation  was  significantly  associated  with  poorer  overall  and 
disease-specific  survival. 

Soria  et  al12  examined  the  role  of  interleukin-10  (IL- 
10)  protein  expression  among  135  patients.  The  immuno¬ 
modulatory  effects  of  IL-10  have  demonstrated  conflicting 
results  in  various  tumor  systems.  Some  reports  support  the 
role  of  IL-10  in  helping  tumors  evade  immunosurveillance 
because  IL-10  can  inhibit  macrophage,  T-cell,  and  antigen- 
presenting  cell  functions.29,30  Others  have  demonstrated 
that  IL-10  may  function  as  a  potent  inhibitor  of  tumor 
growth  and  metastasis.31,32  In  this  study,  IL-10  lack  of  ex¬ 
pression  was  significantly  associated  with  poorer  overall 
and  disease-specific  survival. 

The  aforementioned  hypothesis-driven  studies  each 
focused  on  one  or  a  few  biomarkers.  To  simultaneously 
examine  multiple  potential  molecular  prognostic  factors 
in  this  clinical  research  database,  we  identified  94  pa¬ 
tients  who  had  complete  information  for  a  panel  of  six 
biomarkers  (RAR-/3,  COX-2,  hTERT,  DAPK  promoter 
methylation,  IL-10,  and  K -ras).  Multivariate  Cox  regres¬ 
sion  analysis  was  used  to  identify  independent  predictors 
of  cancer-specific  survival  in  this  population  of  resected 
stage  I  NSCLC  patients. 


PATIENTS  AND  METH00S 


Study  Population 

Five  hundred  ninety-five  consecutive  patients  with  stage  I 
NSCLC  underwent  definitive  surgical  resection,  defined  as  a  lo¬ 
bectomy  or  a  pneumoi.eaomy,  from  1975  to  1990  at  The  Umvet- 
sity  of  Texas  M.D.  Anderson  Cancer  Center  (Houston,  TX). 
Patients  did  not  receive  preoperative  or  postoperative  chemother¬ 
apy  or  radiotherapy.  We  retrospectively  identified  1 85  patients  for 
whom  both  tissue  samples  and  a  median  follow-up  period  of  more 
than  5  years  were  available.  All  available  tissue  blocks  were  re¬ 
viewed  by  a  thoracic  pathologist  (B.K.),  and  163  cases  had  ade¬ 
quate  tumor  present  in  the  surgical  specimen.  The  patient 
population  was  identified  through  a  search  of  the  Tumor  Registry 
database  maintained  by  the  Department  of  Medical  Informatics 
at  The  University  of  M.D.  Anderson  Cancer  Center.  Survival 
status  was  verified  and  updated  from  Tumor  Registry  records  as 
ot  December  1 ,  2000.  This  study  was  reviewed  and  approved  by 
the  institutional  review  board  and  conducted  in  accordance 
with  its  policies. 

Five  published  studies7'9,11,12  had  previously  examined  dif¬ 
ferent  molecular  prognostic  factors  among  the  163  patients  with 
sufficient  tumor  specimens  and  more  than  5  years  of  follow-up 
data.  The  sample  sizes  ranged  from  135  to  160  patients.  A  total  of 
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94  patients  had  complete  information  for  a  panel  of  six  biomark¬ 
ers,  and  these  patients  were  included  in  our  analysis. 

Methylation-Specific  Polymerase  Chain 
Reaction  ( PCR ) 

These  methods  have  been  previously  described.7  Briefly, 
8-jxm  sections  from  paraffin-embedded  tissue  blocks  were  ob¬ 
tained,  and  regions  with  tumor  cells  were  dissected  under  a  ste¬ 
reomicroscope.  In  the  initial  chemical  modification  step,  200  ngof 
DNA  from  each  tumor  was  denatured  by  NaOH  and  treated  with 
sodium  bisulfite  (Sigma  Chemical  Co,  St  Louis,  MO).  DNA  was 
recovered  in  water  and  was  ready  to  add  to  a  PCR  with  the  use  of 
specific  primers  for  either  the  methylated  or  the  unmethylated 
DAPK  promoter,  as  described  previously.13  DNA  was  amplified 
for  35  cycles,  and  PCR  products  were  separated  on  2%  agarose  gels 
and  visualized.  For  each  DNA  sample,  primer  sets  for  methylated 
DNA  and  unmethylated  DNA  were  used  for  analysis.  The  hyper- 
methylation  status  was  determined  by  visualizing  a  98-base  pair 
(bp)  PCR  product  with  the  methylation-specific  primer  set.  All 
PCRs  were  repeated  twice,  and  the  results  were  reproducible. 

Immunohistochemical  Staining  for  IL-10  Protein 

Paraffin -embedded,  4- jam-thick  tissue  sections  were  stained 
for  IL-10  protein  using  a  primary  goat  polyclonal  antihuman 
IL-10  antibody  (AF-217-NA;  R&D  Systems,  Minneapolis,  MN)  as 
previously  described.12  Routinely  processed  tissue  sections  of 
normal  lymph  nodes  and  tonsils  were  used  as  positive  staining 
controls  and  were  also  stained  with  the  primary  antibody  omit¬ 
ted  to  confirm  staining  specificity.  Normal  bronchial  epithelial 
cells  that  constitutively  produce  IL-10  were  also  used  as  inter¬ 
nal  positive  controls.14 

The  IL-10  labeling  index  was  defined  as  the  percentage  of 
tumor  cells  displaying  cytoplasmic  immunoreactivity  and  was 
calculated  by  counting  IL-10-stained  tumor  cells  among  at  least 
1,000  tumor  cells  for  each  section  as  previously  described.12  On 
the  basis  of  previous  reports,  if  10%  or  more  of  the  tumor  cells 
were  positive  for  IL-10,  the  case  was  considered  to  be  IL-10  posi¬ 
tive.15  All  slides  were  scored  concomitantly  by  a  pathologist  (X.T.) 
and  another  investigator  (f.-C.S.)  in  a  blinded  manner. 

hTERT  In  Situ  Hybridization  (ISH) 

These  methods  have  been  previously  described.1 1  The  ribo- 
probes  were  a  430-bp  EcoRV-BamHl  fragment  of  the  hTERT 
-  Mr’.- ..  La*  been  used  in  other  studies1*’17  as  well  as  parr  of 
exon  1  from  the  heterogeneous  nuclear  ribonucleoprotein  A1  as  a 
control  to  verily  sample  quality.  The  single-strand-specific, 
digoxigenin-labeied  riboprobes  were  generated  by  in  vitro 
transcription.  ISH  was  performed  as  previously  described.17 
Slides  displaying  a  diffuse  but  clear  cytoplasmic  signal  were 
considered  to  be  positive,  as  reported  by  Falchetti  et  al.1*  More 
specifically,  our  slides  were  rated  as  positive  if  a  definite  and 
clear  signal  was  present  in  more  than  two  large  areas  on  the 
slide.  Slides  with  faint  signal,  the  absence  of  signal,  or  only  focal 
positivity  were  considered  to  be  negative.  We  did  no|  grade  the 
intensity  ol  the  hybridization  signals. 

COX-2  and  RAR-fl  ISH 

COX-2  and  RAR-/3  inRNA  were  detected  in  4-jj.m-thick 
sections  from  paraffin-embedded  tissue  using  nonradioactivc  ISH 
with  digoxigenin-labeied  antisense  riboprobes  as  previously  de¬ 
scribed.”  ’’ 19  Retinoid  X  receptor-alpha  (RXR-u),  which  is  present 
in  greater  than  90%  of  NSCLCs,40  was  used  as  a  control  to  detect 
RNA  degradation.  The  rationale  for  using  RXR-a  as  a  control  for 
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intart  RNA  was  the  observation  that  all  70  cases  of  NSCLC  and 
normal  lung  tissue  expressed  RXR-a  mRNA  in  a  previous  study.40 
Stained  sections  were  reviewed  by  three  independent  researchers, 
including  two  pathologists,  in  a  blinded  fashion.  Only  cytoplasmic 
staining  was  considered  positive.  Because  normal  bronchial  epi¬ 
thelium  expresses  RAR-/3,  positive  and  aberrant  RAR-/3  expres¬ 
sion  was  defined  as  a  10%  and  less  than  10%  intratumoral 
staining,  respectively.®  The  RAR-J3  probe  that  was  used  identified 
all  RAR-/3  isoforms.  COX-2  expression  was  defined  as  either  pos¬ 
itive  (present)  or  negative  (absent).9 

K- ras  Mutation  Analysis  With  PCR-Primer 
Introduced  Restriction  With  Enrichment  for  Mutation 
Alleles  IPCR-PIREMA) 

A  modified  PCR-PIREMA  method  was  used  to  detect  K-rus 
codon  12  mutations.41  Briefly,  8-jzm  sections  from  paraffin- 
embedded  tissue  blocks  were  obtained,  and  regions  with  tumor 
cells  were  dissected  under  a  stereomicroscope.  Dissected  tissues 
were  digested  in  200  jzL  of  digestion  buffer  containing  50  mmol/L 
Tris-HCl  (pH  8.0),  1%  sodium  dodecyl  sulfate,  and  proteinase 
K  (0.5  mg/mL)  at  42°C  for  36  hours.  The  digested  products 
were  purified  by  extracting  with  phenol-chloroform  twice. 
DNA  was  then  precipitated  by  the  ethanol  precipitation 
method  in  the  presence  of  glycogen  (Roche  Biochemicals,  In¬ 
dianapolis,  IN),  recovered  in  distilled  water,  and  then  stored  at 
-20°C  until  used  for  PCR. 

Briefly,  PCR  around  K-ros  codon  12  was  performed  using  a 
mismatched  primer  (forward  primer:  5'-TGAATATAAACTTGT- 
GGTAGTTGGACCT-3';  reverse  primer:  5'-CTGTATCAAAGA- 
ATGGTCC  TGCACC-3')  that  introduced  an  .Viva I  restriction  site 
into  the  PCR  products  derived  from  normal  alleles.  Mval  digestion 
of  the  PCR  products  left  only  the  PCR  products  derived  from 
mutant  alleles  intact,  after  which  further  PCR  selectively  amplified 
the  mutant  PCR  products.  The  first  PCR  reaction  was  performed 
with  mixtures  containing  0.5  jzL  of  DNA  recovery  solution,  10  ng 
of  each  nucleotide,  and  the  mismatched  primer  to  introduce  an 
Mva  I  restriction  site  Hanking  the  K-rasexon  1,  with  15cyclesatan 
annealing  temperature  of  55°C.  The  first  PCR  products  were  di¬ 
gested  with  Mval  and  diluted  l:  100.  One  microliter  of  the  diluted 
product  was  amplified  by  20  cycles  of  PCR  with  the  same  primers 
at  an  annealing  temperature  of  40°C,  and  the  products  were  di¬ 
gested  with  Mval  a  second  time.  The  second  PCR  products  were 
diluted  1.100,  itr.f'.tfisi  by  35  v.'ith  the  prericu.  f-.-r/eid 
primer  and  a  new  reverse  primer  (S'-CTCTATTGTTGGaTCA- 
TATTCGTCCAC-3')  at  an  annealing  temperature  of  65°C,  and 
digested  with  Mval  a  third  time.  The  final  digested  products  were 
then  electrophoresed  on  2.5%  agarose  gels  and  stained  with 
ethidium  bromide.  A  digestion-resistant  1 06-bp  band  indicated 
the  presence  of  a  K-ras  codon  12  mutation.  Extensive  measures 
were  taken  to  prevent  cross-contamination  of  samples.  A  normal 
control  sample  and  a  known  mutation  sample  were  included  in  all 
of  the  experiments. 

Statistical  Analyses 

Overall  survival,  disease-specific  survival,  and  disease-free 
survival  were  analyzed  in  this  study.  Survival  curves  were  esti¬ 
mated  by  the  Kaplan-Meier  method.  The  log-rank  test  was  used  to 
compare  survival  time  between  groups.  Fisher's  exact  test  was  used 
to  analyze  the  association  between  categoric  variables.  Using  a 
stepwise  selection  method,  a  Cox  proportional  hazards  model  was 
created  to  identify  independent  predictors  of  survival,  with  adjust¬ 
ment  for  relevant  clinical  covariates  (tumor  stage,  histology, 
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smoking  status,  and  sex).  All  statistical  tests  were  two-sided,  and 
P  <  .05  was  considered  statistically  significant. 

All  survival  curves  were  calculated  from  the  date  of  surgery. 
Overall  survival  took  all  deaths  (cancer  related  or  not)  into  ac¬ 
count.  Disease-specific  survival  time  was  calculated  from  the  date 
of  surgery  to  death  from  cancer-related  causes.  Disease-free  sur¬ 
vival  time  was  calculated  from  the  date  of  surgery  to  relapse  or 
death  from  cancer-related  causes. 


RESULTS 


Data  for  a  panel  of  six  molecular  markers  (RAR-/1,  COX-2, 
hTERT,  DAPK  promoter  methylation,  IL- 10,  and  K-raj) 
were  available  for  94  patients  in  our  retrospective  cohort. 
These  patients  were  the  study  population  for  our  analysis. 
Patient  characteristics  are  listed  in  Table  1.  Median 
follow-up  time  for  alive  patients  and  those  lost  to  follow-up 
was  10.9  years.  Sixty-nine  patients  have  died.  Twenty-nine 
deaths  were  cancer  related. 

The  frequency  of  each  molecular  marker,  displayed  as  a 
negative  prognostic  factor,  is  listed  in  Table  2.  Univariate 
analyses  of  each  molecular  marker  and  its  association  with 
disease -specific  survival  and  overall  survival  were  per¬ 
formed  (Table  3).  Similar  univariate  survival  analyses  of 
clinical  variables  (age,  sex,  and  smoking  status)  were  per¬ 
formed.  A  highly  significant  association  was  demonstrated 
between  age  (<  60  years  v  s  60  years)  and  overall  survival 
(P  =  .003).  Sex  and  smoking  status  were  not  associated  with 
overall  or  disease-specific  survival.  Age  S  60  years  was 
associated  with  a  significant  increased  risk  of  noncancer- 


Table  1.  Patient  Characteristics 

Characteristic 

No.  Of 
Patients 

% 

Age.  years 

Median 

63.5 

•  9MCM 

41-82 

Sex 

Male 

72 

77 

Female 

22 

23 

Race 

White 

83 

88 

Other 

11 

12 

Smoker 

Yes 

82 

87 

No 

5 

5 

Unknown 

7 

7 

Histology 

Adenocarcinoma 

39 

41 

Squamous  cell  carcinoma 

39 

41 

Other 

16 

17 

TNM  stage 

T1N0M0 

44 

47 

T2N0M0 

50 

53 

Abbreviation  TNM.  tumor-node*metasta5is 
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Table  2.  Frequency  of  Molecular  Markers  in  Stage  1  NSCLC 

Molecular  Marker 

Frequency  (%) 

COX-2  expression 

60 

DAPK  methylation 

47 

K-ras  mutation 

34 

hTERT  expression 

34 

IL-10  lack  of  expression 

30 

RAR-fl  expression 

23 

Abbreviations:  NSCLC,  non- 

-small-cell  lung  cancer;  COX-2,  cyclooxygen- 

ase:  DAPK.  death-associated  protein  kinase:  hTERT,  human  telomerase 

reverse  transcriptase  catalytic  subunit;  IL-10,  interleukin-! 0;  RAR-fl.  reti- 

noic  acid  receptor-beta 

related  death  (P  <  .001)  and  was  not  associated  with 
disease-specific  survival  (P  =  .577).  This  phenomenon  is 
likely  explained  by  the  relatively  long  follow-up  of  these 
subjects  and  by  the  fact  that  that  the  majority  of  deaths  (40 
of  69  deaths)  were  unrelated  to  cancer.  In  light  of  these 
findings,  we  reasoned  that  disease-specific  survival  would 
serve  as  a  more  clinically  relevant  end  point  for  this  cohort, 
although  we  continued  to  include  overall  survival  in  our 
analyses.  Disease-specific  survival  stratified  by  each  molec¬ 
ular  marker  is  shown  in  Figure  1. 

A  multivariate  Cox  proportional  hazards  model  was 
created  to  identify  predictors  of  disease-specific  survival 
(Table  4).  DAPK  promoter  methylation  and  IL-10  lack  of 
expression  were  significant  negative  prognostic  factors  for 
disease-specific  survival,  whereas  COX-2  expression  was  of 
borderline  significance.  The  same  variables  were  selected 
when  tumor  stage,  histology,  smoking  status,  and  sex  were 
included  in  the  model.  The  poorer  disease-specific  and 
overall  survival  of  patients  with  both  DAPK  methylation 
and  IL- 10  lack  of  expression  are  illustrated  in  Figure  2.  We 
defined  these  patients  as  a  high-risk  group,  and  the  remain¬ 
ing  patients  were  defined  as  a  low-risk  group.  A  log-rank 
test  assessing  the  difference  in  survival  between  these 
groups  was  statistically  significant  for  both  uwtHLT-speafic 
survival  (P  <  .0001)  and  overall  survival  (P  <  .0001).  We 
note  that  the  definitions  of  the  high-  and  low-risk  groups 
are  data  dependent.  That  is,  the  definition  of  high  risk  was 
not  determined  a  priori.  A  similar  model  for  overall  survival 
yielded  three  significant  negative  prognostic  factors  (age 
—  60  years,  P  =  .0017;  COX-2  expression,  P  =  .021;  and 
DAPK  methylation,  P  =  .044),  whereas  IL-10  lack  of  expres¬ 
sion  was  of  borderline  significance  (P  =  .069). 

Exploratory  analyses  of  the  relationships  between  the 
various  molecular  markers  were  performed.  Significant  as¬ 
sociations  were  found  between  hTERT  and  COX-2  expres¬ 
sion  (odds  ratio  [OR],  6.14;  95%  Cl,  2.09  to  18.04; 
P  =  .0004)  and  K-ras  mutations  and  DAPK  methylation 
(OR,  2.64;  95%  Cl,  1.10  to  6.36;  P  =  .032).  Associations 
between  IL-10  lack  of  expression  and  hTERT  expression 
(OR,  2.63;  95%  Cl,  1.06  to  6.67;  P  =  .056),  IL-10  lack  of 
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Table  3.  Univariate  Analysis  of 

Molecular  Markers  With  Disease-Specific  and  Overall  Survival 

Molecular  Marker 

Disease-Specific  Survival 

Overall  Survrva! 

Hazard  Ratio 

95%  Cl 

P 

Hazard  Ratio 

95%  Cl 

P 

IL-10  lack  of  expression 

3.17 

1  5310  8  82 

.002 

1.98 

1.21  to  3.25 

.007 

DAPK  methylation 

3  00 

1 .39  to  6.47 

.005 

1.69 

1 .05  to  2  72 

.030 

hTERT  expression 

2.39 

1 . 1 5  to  4.97 

.020 

1.48 

0  91  to  2.42 

.116 

COX-2  expression 

2.44 

1  08  to  5.54 

.032 

1.80 

1.09  to  2.96 

.022 

RAR-/3  expression 

1.47 

0.66  to  3.25 

.345 

1.23 

0.72  to  2.09 

.446 

K-ras  mutation 

1  00 

0  45  to  2  .20 

.998 

1.18 

0.71  to  1  95 

517 

Abbreviations  IL-10.  mterleukm-10;  DAPK,  death-associated 

cyclooxvgenase-2;  RAR-/3,  retinoic  acid  receptor-beta 

protein  kinase.  hTERT,  human  telomerase  reverse  transcriptase  catalytic  subunit;  COX-2, 

expression  and  COX-2  expression  (OR,  2.63;  95%  Cl,  0.99 
to  7.14;  P  =  .066),  and  COX-2  expression  and  RAR-/3 
expression  (OR,  2.88;  95%  Cl,  0.96  to  8.64;  P  =  .08)  were  of 
borderline  significance. 

We  also  investigated  other  models  by  performing  all 
two- variable,  three-variable,  and  four-variable  multivariate 
models.  On  the  basis  of  these  analyses,  only  DAPK  methyl- 
ation  and  IL-10  lack  of  expression  were  statistically  signifi¬ 
cant  (P  <  .05)  for  all  models.  Furthermore,  the  three- 


variable  model,  including  DAPK  methylation,  IL-10  lack  of 
expression,  and  COX-2  expression,  had  the  lowest  Akaike 
Information  Criterion  ( AIC)  value  of  224.029  (although  the 
two-variable  model  that  excluded  COX-2  expression  had  an 
AIC  of  similar  value).  We  noted  that  there  was  some  evi¬ 
dence  of  association  between  IL-10  lack  of  expression  and 
hTERT  expression  (OR,  2.63;  P  =  .056)  and  IL-10  lack  of 
expression  and  COX-2  expression  (OR,  2.63;  P  =  .066). 
Moreover,  hTERT  and  COX-2  expression  were  highly 
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T«bl«  4.  Multivariate  Cox  Regression  Model  for 
Disease-Specific  Survival 

Molecular  Marker 

Hazard 

Ratio 

95%  Cl 

P 

DAPK  methylation 

3.11 

1 .42  to  6.79 

.004 

IL-10  lack  of  expression 

2  62 

1 .24  to  5.56 

.012 

COX-2  expression 

2.13 

0.92  to  4.95 

.077 

Abbreviations:  DAPK.  death-associated  protein  kinase;  IL-10.  intarleukin- 
10.  COX-2,  cyclooxygenase-2 

associated  (OR,  6.14;  P  —  .0004).  We  ensured  that  the 
effect  of  these  variables  was  not  masked  by  colinearity  by 
modeling  them  separately.  Specifically,  we  modeled 
COX-2  expression  with  DAPK  methylation  (AIC  = 
228.135)  and  hTERT  expression  with  DAPK  methylation 
(A.IC  =  228.654).  Neither  of  these  models  provided  bet¬ 
ter  fit  than  the  model  chosen. 


Our  findings  further  characterize  and  extend  ouir  group’s 
previous  research  efforts  to  identify  novel  molecular  prog- 


Ftj  l  Dissase-spacitic  survival  IA)  and  overall  survival  IBI  ot  patients  with 
Both  death-associated  protein  kinase  methylation  and  intarleukin-tO  lack  of 
expression  (high  risk)  versus  other  patients  (low  risk). 
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nostic  factors  in  patients  with  early-stage  NSCLC.  We  iden¬ 
tified  94  patients  with  complete  information  for  a  panel  of 
six  molecular  markers.  Each  biomarker  had  been  previ¬ 
ously  studied  as  a  prognostic  factor  based  on  its  role  in 
carcinogenesis.  When  analyzed  individually,  five  of  these 
biomarkers  (RAR-0,  COX-2,  hTERT,  DAPK  promoter 
methylation,  and  1L- 10)  were  demonstrated  in  prior 
studies''9,11,12  by  our  group  to  be  significant  predictors 
of  survival.  One  available  marker  (K-ros)  was  included 
in  the  current  analysis  based  on  published  data  demon¬ 
strating  that  it  had  prognostic  significance  in  early-stage 
NSCLC,14  '*2  even  though  it  did  not  have  prognostic  signif¬ 
icance  in  univariate  analysis  in  our  patients.  Our  multivari¬ 
able  analysis  indicates  that  two  biomarkers  ( DAPK 
promoter  methylation  and  1L- 10)  function  as  indepen¬ 
dent  predictors  of  disease-specific  survival,  and  a  third 
biomarker  (COX-2)  is  of  borderline  significance  in  this 
cohort.  These  findings  should  be  confirmed  in  other 
NSCLC  patient  populations. 

Our  results  further  support  the  importance  of  epige¬ 
netic  gene  regulation  in  lung  carcinogenesis.  Others  have 
demonstrated  that  aberrant  promoter  methylation  of 
DAPK  and  other  genes  frequently  occurs  in  NSCLC  tu¬ 
mors,*5'0  suggesting  that  methylation  may  be  a  common 
mechanism  of  inactivation  of  cancer-related  genes.  DAPK 
promoter  methylation  was  the  most  statistically  significant 
predictor  of  survival  in  our  study.  Kim  et  al43  investigated 
the  role  of  DAPK  methylation  in  185  NSCLC  patients  who 
underwent  surgical  resection,  including  102  patients  with 
stage  I  disease.  DAPK  methylation  was  significantly  corre¬ 
lated  with  advanced  stage,  suggesting  that  DAPK  may  be 
important  in  the  progression  of  NSCLC.  Stage  I  patients 
with  DAPK  methylation  had  worse  overall  survival,  al¬ 
though  this  association  was  not  statistically  significant.  The 
authors  noted  that  patient  follow-up  data  was  limited,  and 
this  factor  may  have  contributed  to  their  findings.  Harden 
et  al44  examined  promoter  methylation  of  a  panel  of  five 
genes  in  tumors ’and  lymph  rind.,  j:  VC-  stage  1  NSCLC 
patients.  Interestingly,  patients  with  both  DAPK  and  adeno¬ 
matous  polyposis  coli  gene  methylation  had  poorer  overall 
survival  that  did  not  reach  statistical  significance,  although 
the  methylation  of  either  gene  alone  was  not  a  predictor  of 
survival.  Possible  explanations  for  these  results  include  the 
relatively  low  frequency  of  DAPK  methylation  (17%)  com¬ 
pared  with  our  findings  (47%).  The  smaller  number  of 
patients  with  DAPK  methylation  (n  =  15)  would  result  in 
the  study  having  less  power  to  detect  significant  associations 
with  survival. 

The  role  of  IL-10  in  carcinogenesis  remains  controver¬ 
sial.  Our  findings  indicate  that  loss  of  IL-10  expression 
predicts  poor  disease-specific  survival  in  early-stage 
NSCLC.  Human  bronchial  epithelial  cells  constitu- 
tively  produce  IL-10,  which  may  regulate  the  local  immune 
response  in  normal  lungs.34  IL-10  also  seems  to  have 
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significant  inhibitory  effects  on  tumor  growth  and  metasta¬ 
sis  in  multiple  animal  models  and  tumor  types,  including 
melanoma,  breast  cancer,  prostate  cancer,  and  Burkitt’s 
lymphoma. 3 1,32,4‘'4'  Evidence  suggests  that  IL-10  exerts  its 
antitumor  and  antimetastatic  activity  by  inhibiting  angio¬ 
genesis,  and  this  activity  is,  in  part,  mediated  by  the  down- 
regulation  of  angiogenic  molecules,  such  as  vascular 
endothelial  growth  factor,  IL-1/3,  tumor  necrosis  factor-a, 
IL-6,  and  matrix  metalloproteinase-9  (MMP-9),  in  tumor- 
associated  macrophages.31  In  addition,  IL-10  may  also  di¬ 
rectly  affect  the  secretion  of  angiogenic  molecules  from  the 
tumor.  Stearns  et  al46  demonstrated  that  IL-10  induces 
tissue  inhibitor  of  metalloproteinase- 1  production  and  in¬ 
hibits  MMP-2  and  MMP-9  secretion  by  human  prostate 
cancer  cell  lines  orthotopically  implanted  into  mice,  result¬ 
ing  in  decreased  tumor  microvessel  formation  and  in¬ 
creased  mice  survival.  In  a  murine  mammary  tumor  model, 
the  antitumor  and  antimetastatic  effects  of  IL-10  gene 
transfection  were  associated  with  elevated  nitric  oxide  levels 
in  tumors.4"  Others  have  shown  that  IL-10  can  directly 
inhibit  the  proliferation  of  endothelial  cells  stimulated  with 
vascular  endothelial  growth  factor  or  fibroblast  growth 
factor-2  in  vitro.4'  An  intriguing  molecular  epidemiologic 
case-control  study  demonstrated  that  IL-10  promoter  poly¬ 
morphisms  that  resulted  in  lower  IL-10  expression  were 
associated  with  an  increased  risk  of  developing  melano¬ 
ma.49  Furthermore,  some  authors  have  suggested  that  lung 
cancer  cells  can  modulate  IL- 10  expression  by  stromal  com¬ 
ponents.  In  the  present  study,  only  nine  of  94  samples  dis¬ 
played  tumor- infiltrating  lymphocytes  or  tumor-associated 
macrophages,  therefore  hindering  any  relevant  analysis  of 
IL-10  production  by  infiltrating  immune  cells. 

I  he  data  supporting  the  antitumor  and  antimetastatic 
activity  of  IL-10  are  compelling,  but  most  preclinical  mod¬ 
els  using  IL-10  to  mediate  such  effects  do  so  at  concentra¬ 
tions  that  far  exceed  the  levels  demonstrated  in  lung  cancer 
patients.  Other  authors  have  demonstrated  that  IL-10  is  a 
potent  immunosuppressive  molecule  that  may  prcmott 
lung  cancer  growth  by  suppressing  T-cell  and  macro¬ 
phage  function  and  enabling  tumors  to  escape  immune 
detection.50'32  Elevated  baseline  serum  IL-10  levels  were 
found  to  be  independent  predictors  of  poorer  survival  in  60 
advanced-stage  NSCLC  patients  receiving  platinum-based 
chemotherapy.53  Hatanaka  et  al54  measured  IL-10  mRNA 
levels  by  reverse  transcriptase  PCR  in  the  tumors  of  82 
NSCLC  patients  who  underwent  surgical  resection.  Their 
assay  demonstrated  IL-10  expression  in  83%  of  the  surgical 
specimens.  In  contrast  to  our  results,  IL-10  expression  was 
significantly  associated  with  worse  survival.  The  reasons  for 
these  discrepant  findings  remain  unclear.  These  investiga¬ 
tors  included  patients  with  stages  I  to  Illb  disease  in  their 
study  and  used  a  different  IL-10  assay  (mRNA  vj  protein) 
than  the  assay  we  used  in  our  study.  These  factors  may  have 
contributed  to  these  divergent  results. 

www.jco.orf 


Our  exploratory  analyses  demonstrate  a  highly  significant 
association  between  hTERT  expression  and  COX-2  expression 
(P  =  .0004).  A  precise  explanation  for  this  correlation  is  lack¬ 
ing,  although  various  COX-2  inhibitors  have  been  reported  to 
inhibit  both  tumor  growth  and  telomerase  activity  in  mice.55,56 
We  also  observed  a  significant  association  between  K-ras  mu¬ 
tations  and  DAPK  methylation  (P  —  .032).  Reports  suggesting 
that  DNA  methylation  may  be  regulated  by  the  ras  signaling 
pathway57-3®  are  consistent  with  these  findings.  However,  oth¬ 
ers  have  not  found  correlations  between  ras  mutations  and 
promoter  hypermethylation  in  NSCLC  tumors.43,59  Clearly,  a 
better  understanding  of  the  significance  of  these  associations 
will  require  future  studies.  Our  analyses  also  demonstrate  a 
borderline  significant  association  between  IL-10  lack  of  ex¬ 
pression  and  COX-2  expression  (P  =  .066).60,6'  This  finding  is 
consistent  with  data  suggesting  that  IL-10  has  the  capacity  to 
potendy  downregulate  COX-2.  Therefore,  in  the  absence  of 
IL-10,  COX-2  and  its  derived  products  would  be  more  abun¬ 
dant  and  could  further  promote  tumor  progression. 

This  study  is  limited  by  its  retrospective  nature  and  the 
inclusion  only  of  patients  with  complete  information  for  all 
six  biomarkers.  It  is  difficult  to  speculate  on  potential  biases 
affecting  our  results.  It  is  possible,  for  example,  that  small 
tumors  with  limited  tissue  availability  were  underrepre¬ 
sented  in  this  cohort.  These  results  should  be  validated  in  a 
separate  population  of  NSCLC  patients. 

In  conclusion,  our  analysis  of  six  molecular  markers  in 
patients  with  resected  stage  I  NSCLC  yielded  two  indepen¬ 
dent  predictors  of  poorer  disease-specific  survival:  DAPK 
methylation  and  IL-10  lack  of  expression.  Future  studies  are 
warranted  to  further  define  their  roles  in  tumor  prolifera¬ 
tion  and  metastasis.  However,  these  and  other  potential 
molecular  prognostic  factors  have  yet  to  be  validated,  and 
thus,  the  integration  of  molecular  marker  assessments  into 
the  routine  clinical  management  of  NSCLC  has  remained 
an  elusive  goal.  As  the  number  of  potential  molecular  mark¬ 
ers  increases,  it  has  become  more  difficult  to  assess  which 
prognostic  factors  arc  likely  to  U  Uk.Lsay  tele  van..  A  com¬ 
prehensive  multivariable  analysis  is  not  feasible  because  the 
majority  of  studies  analyze  only  a  single  or  a  few  biomarkers 
at  a  time.  In  this  regard,  the  development  of  high- 
throughput  technologies  to  determine  gene-expression 
profiles  and  proteomic  patterns  of  tissue  specimens  repre¬ 
sents  a  significant  methodologic  advance.  Several  recent 
reports  have  demonstrated  that  mRNA  and  protein  pat¬ 
terns  of  NSCLC  tumors  may  be  predictive  of  survival.62,63 
Hopefully,  these  technologies  will  eventually  provide  the 
clinician  with  a  reliable,  validated  molecular  staging  system 
that  will  improve  therapeutic  strategies  for  NSCLC. 
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Expression  of  Hepatoma-Derived  Growth  Factor  Is  a 
Strong  Prognostic  Predictor  for  Patients  With  Early- 
Stage  Non-Small-Cell  Lung  Cancer 


Hening  Ren,  Ximing  Tang,  J.  Jack  Lee,  Lei  Feng,  Allen  D.  Everett,  Waun  Ki  Hong,  Fadlo  R.  Khuri, 
and  Li  Mao 
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Purpose 

Hepatoma-derived  growth  factor  IHDGF),  which  is  unrelated  to  hepatocyte  growth  factor,  can  stimulate 
DNA  synthesis  and  cell  proliferation  on  entering  the  nucleus.  We  hypothesize  that  HDGF  plays  an 
important  role  in  biologic  behavior  of  early-stage  non-small-cell  lung  cancer  (NSCLC). 


Patients  and  Methods 

Ninety-eight  patients  with  pathologic  stage  I  NSCLC  who  underwent  curative  surgery  were  studied. 
Immunohistochemlstry  was  used  to  determine  the  expression  level  of  HDGF  in  the  tumor  specimens. 
The  Intensity  of  the  protein  staining  and  percentage  of  stained  tumor  cells  were  used  to  determine  a 
labeling  index.  Statistical  analyses,  all  two-sided,  were  performed  to  determine  the  prognostic  effect  of 
HDGF  expression  levels  on  clinical  parameters  and  outcomes. 

Results 

The  mean  ±  standard  deviation  HDGF  labeling  index  in  the  98  tumors  was  185  ±  41.  Patients  whose 
tumors  had  higher  HDGF  indexes  (a  185)  had  a  significantly  poorer  probability  of  overall  survival  at  5 
years  after  surgery  than  did  those  with  lower  HDGF  indexes  (0.26  v0.82;  P<  .0001).  Similarly,  the  5-year 
disease-specific  and  disease-free  survival  probabilities  were  lower  in  those  with  higher  HDGF  indexes 
10.42  v0.92,  and  0.34  v0.71;  P  <  .0001  and  P  =  .0008;  respectively).  Multivariate  analysis  indicated  that 
HDGF  level  was  an  independent  predictor  of  overall,  disease-specific,  and  disease-free  survivals. 

Conclusion 

Overexpression  of  HDGF  is  common  in  early-stage  NSCLC.  The  expression  level  in  tumor  cells  is 
strongly  correlated  with  poor  overall,  disease-specific,  and  disease-free  survivals,  suggesting  HDGF  may 
be  a  powerful  prognostic  marker  tor  patients  with  early-stage  NSCLC. 
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Lung  cancer  is  the  most  common  cause  of 
cancer- related  death  in  the  United  States, 
accounting  for  more  deaths  than  those 
caused  by  prostate,  breast,  and  colorectal 
cancers  combined.'  The  prognosis  for  pa¬ 
tients  with  lung  cancer  is  correlated  with 
disease  stage  at  the  time  of  diagnosis.  Pa¬ 
tients  with  stage  I  non-small-cell  lung  can¬ 
cer  (NSCLC),  the  earliest  stage  in  current 
staging  system,  have  a  5-year  survival  rate  of 
approximately  60%,  whereas  patients  with 
stage  II  to  IV  disease  have  5-year  survival 
rates  ranging  from  40%  to  less  than  5%.2,3 


Unfortunately,  even  among  patients  with 
stage  I  NSCLC,  40%  will  die  of  the  disease 
within  5  years  after  potentially  curative  sur¬ 
gery.  Recent  studies  have  shown  that  pa¬ 
tients  with  early  stage  NSCLC  may  benefit 
from  adjuvant  chemotherapy  following 
curative  surgical  attempt.4,5  These  find¬ 
ings  may  lead  the  adjuvant  chemotherapy 
to  become  standard  care  for  those  pa¬ 
tients.  However,  only  4%  of  the  patients 
may  actually  benefit  from  such  therapy, 
while  most  of  the  patients  will  suffer  un¬ 
desired  and  potentially  fatal  side  effects.5 
Therefore,  the  identification  of  novel 
strategies  to  further  stratify  such  patients 
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Flo  '•  !A|  Putative  domains  of  hepatoma-derived  growth  factor  (HDGF).  (B|  HDGF  expression  in  non-small-cell  lung  cancer  (NSCLCl  cell  lines  and  paired  normal 
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metastatic  lung  tumors)  Actin  Is  used  as  a  loading  control.  N,  normal  lung  tissue  specimens;  T,  primary  NSCLC  specimens. 


based  on  their  likelihood  to  benefit  from  an  adjuvant 
therapy  is  an  unmet  need. 

Hepatoma-derived  growth  factor  (HDGF),  which  is 
unrelated  to  hepatocyte  growth  factor,  is  a  heparin-binding 
growth  factor  originally  purified  from  media  conditioned 
with  the  human  hepatoma  cell  line  HuH-7,  and  can  stimu¬ 
late  proliferation  of  Swiss  3T3  cells.6  The  amino  acid  se¬ 
quence,  as  deduced  from  a  cDNA  clone  of  HDGF,  contains 
240  residues  with  a  motif  homologous  to  the  consensus 
sequences  of  bipartite  nuclear  localization  sequence  and  a 
DNA-binding  PWWP  motif  (Fig  1A).  The  precise  function 
of  HDGF  is  unknown.  Recent  studies  indicate  that  HDGF  is 
highly  expressed  during  early  development  of  many  tissues, 
including  cardiovascular,7  kidney,8  and  liver9  tissues.  Al¬ 
though  lacking  the  typical  secretory  sequence  present  in 
most  secretory  proteins, 10  HDGF  has  been  shown  to  act  as  a 
potent  exogenous  mitogen  for  HuH-7,1 1  COS-7,11  aortic 
vascular  smooth  muscle  cells,12  and  endothelia  cells.8 

We  found  that  HDGF  is  overexpressed  in  NSCLC  cell 
!•'«*>  and  ui  unary  tumors  compared. -A *t ereiri  iun<T  tissues. 
To  determine  the  importance  of  HDGF  in  the  biologic 
behavior  of  NSCLC,  we  further  studied  HDGF  expression 
in  tumor  specimens  from  98  patients  with  pathologic  stage 
1  NSCLC.  The  patients  were  treated  with  potentially  cura¬ 
tive  surgery  with  a  median  follow-up  of  1 0  years.  Expression 
levels  of  HDGF  in  the  primary  tumors  were  compared  to 
clinical  parameters  and  outcomes. 


Study  Population 

Patients  were  included  in  the  study  if  they  were  diagnosed 
with  pathologic  stage  I  NSCLC;  had  undergone  lobectomy  or 
pneumonectomy  for  complete  resection  of  their  primary  tumors 
at  The  University  of  Texas  M.D.  Anderson  Cancer  Center  (Hous¬ 
ton,  TX)  from  1975  through  1990;  had  not  received  adjuvant 
chemotherapy  or  radiation  therapy  before  or  after  surgery,  had  at 


least  5  years  of  follow-up  data;  and  had  adequate  paraffin- 
embedded  tissue  sections  available  in  the  institution's  tumor  ar¬ 
chive.  During  the  period  between  1975  and  1990,  a  total  of  588 
patients  were  diagnosed  as  having  pathologic  stage  I  NSCLC  and 
treated  surgically  at  M.D.  Anderson.  Tissue  sections  were  available 
for  105  of  these  588  patients,  and  sections  from  98  patients  con¬ 
tained  adequate  tumor  cells  for  evaluation.  The  follow-up  infor¬ 
mation  was  based  on  chart  review  and  from  reports  from  the  M.D. 
Anderson  tumor  registry  service.  The  study  was  reviewed  and 
approved  by  the  institution’s  Surveillance  Committee  to  allow  us 
to  study  the  tissues  and  pertinent  follow-up  information.  Tissue 
sections  were  from  each  tissue  block,  stained  with  hematoxylin- 
eosin,  and  reviewed  to  confirm  the  diagnosis  and  the  presence  or 
absence  of  tumor  cells.  NSCLC  cell  lines  (H157,  H226,  H292, 
H358,  H460,  H522,  A549,  H596,  HI 299,  HI 792,  Hi 944,  Calu-1, 
and  SK-Mes-1)  used  in  the  study  were  obtained  from  American 
type  Culture  Collection  (Manassas,  VA)  and  were  grown  in  RPMI- 
1640  median  with  10%  fetal  bovine  serum  (Life  Technologies  Inc, 
Rockville,  MD). 

Immunohistochemical  Analysis 

Tissue  sections  (4  /xm  thick)  from  formalin-fixed  and 
paraffin-embedded  tissue  blocks  were  mourned  on  positively 
charged  glass  slides.  Slides  were  baked  at  60°C  for  1  hour  and  then 
deparaffinized  through  a  series  of  xylene  baths.  Rehydration  was 
performed  with  graded  concentrations  of  alcohol.  To  retrieve 
antigenicity,  tissue  sections  were  treated  with  microwaves  in  10 
mmolyL  citrate  buffer  (pH  6.0)  for  10  minutes.  The  sections  were 
then  immersed  in  methanol  containing  0.3%  hydrogen  peroxidase 
for  20  minutes  to  block  the  endogenous  peroxidase  activity,  and 
incubated  in  2.5%  blocking  serum  for  30  minutes  to  reduce  non¬ 
specific  binding.  Sections  were  incubated  overnight  at  4°C  with  an 
affinity-purified  rabbit  polyclonal  antibody  produced  against  the 
COOH-terminal  amino  acids  (222-237)  of  the  mouse  HDGF  se¬ 
quence  at  a  dilution  of  1:4000  rabbit  anti-HDCF  polyclonal  anti¬ 
body,'*  followed  by  incubation  for  30  minutes  with  biotinylated 
antirabbit  immunoglobulin  G  (Vector  Laboratories,  Burlingame, 
CA).  The  sections  were  then  processed  using  standard  avidtn- 
biotin  immunohistochemistry  according  to  the  manufacturer's 
recommendations.  Diaminobenzidine  was  used  as  a  chromogen, 
and  commercial  hematoxylin  was  used  for  counterstaining. 
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The  HDGF  labeling  index  was  defined  as  the  weighted  mean 
of  percentage  of  tumor  cells  displaying  nuclear  immunoreactivity 
(calculated  by  counting  the  number  of  HDGF  positive  tumor  cells 
among  at  least  1,000  tumor  cells  for  each  tissue  section  manually) 
multiplied  by  the  degree  of  the  staining  intensity  ( 1 , 2,  or  3,  defined 
as  weak  staining,  moderate  staining,  or  strong  staining,  respec¬ 
tively).  The  final  index  of  each  tumor  was  the  average  of  indices 
generated  by  two  observers  (H.R.  and  X.T.).  The  differences  be¬ 
tween  the  two  observers  were  less  than  20%  in  almost  all  cases.  The 
weak  staining  in  the  smooth  muscle  cells  of  blood  vessels  was  used 
as  an  internal  control  and  the  basis  for  the  intensity  score.  Almost 
all  tumor  cells  showed  some  degree  of  staining. 

Western  Blot  Analysis 

Tissues  or  cells  were  either  homogenized  or  harvested  in  lysis 
buffer  50  mmol/L  HEPES,  1%  Triton  X- 100,  lOmmol/LNaF,  30 
mmol/L  Na3P04,  150  mmol/L  NaCl,  and  I  mmol/L  EDTA  and 
freshly  added  10  mmol/L  glycerophosphate,  1  mmol/L  Na3V04, 
20  fxg/mL  pepstatin  A,  10  ng/mL  aprotinin,  20  jug/mL  leupeptin, 
and  40  fxmol/L  microcystin-LR.  Twenty  micrograms  of  total  pro¬ 
teins  from  each  sample  was  separated  in  sodium  dodeCyl  sulfate- 
polyacrylamide  gel  electrophoresis  using  a  Bio-Rad  Mini-Protean 
II  apparatus  (Schleicher  &  Schuell  BioScience,  Keene,  NH),  and 
separated  proteins  in  the  gels  were  transfered  to  nitrocellulose 
membrane.  The  membranes  were  then  blocked  with  5%  nonfat 
milk  for  2  hours  at  room  temperature  followed  by  incubation  with 
the  rabbit  anti-HDGF  antibody  (1:10,000  dilution)  at  4°  C  over¬ 
night.  The  immune  reactive  band  was  detected  using  a  goat- 
antirabbit  immunoglobulin  G  horseradish  peroxidase  conjugate 
(1:10,000;  Jackson  ImmunoResearch  Lab,  West  Grove,  PA,)  as  the 
secondary  antibody  and  SuperSignal  West  Pico  Substrate  (Pierce 
Biotechnology,  Rockford,  1L)  as  the  detection  agent.  A  mouse 
antiactin  monoclonal  antibody  AC- 15  (Sigma,  St.  Louis,  MO)  was 
used  to  normalize  protein  loading. 

Statistical  Analysis 

Survival  probability  as  a  function  of  time  was  computed  by 
the  Kaplan-Meier  estimator.  The  variance  of  the  Kaplan-Meier 
estimator  was  computed  by  the  Greenwood  formula.  The  5-year 
survival  probabilities  were  estimated  and  compared  by  the  asymp¬ 
totic  z  between  the  high  expression  and  low  expression  groups. 
The  log-rank  test  was  used  to  compare  patients’  survival  time 
between  croups.  Overall.  disease-sDecific  (ie,  those  who  died  of 
lung  cancel  -related  causes  s'petmcauy),  mid  disease-free  (ie,  those 
who  developed  recurrence  and/or  metastasis)  survivals  were  ana¬ 
lyzed.  HDGF-labeling  index  was  analyzed  as  a  continuous  variable 
as  well  as  a  categoric  variable.  The  mean  labeling  index  and  quar- 
tiles  of  the  labeling  index  were  used  as  cutoff  points  for  HDGF  in 
the  survival  analysis.  The  x1  test  was  used  to  test  equal  proportion 
between  groups  in  two-way  contingency  tables.  Cox  regression 
was  used  to  model  the  risks  of  HDGF  expression  level  on  survival 
time,  with  adjustment  for  clinical  and  histopathologic  parame¬ 
ters  (age,  sex,  race,  smoking  status,  and  histologic  subgroup) 
Martingale  residual  analysis  was  used  to  determine  the  functional 
form  for  HDGF  (untransformed  data  on  the  continuous  scale)  to 
best  explain  its  effect  on  survival  through  a  Cox  regression  model. 
The  Martingale  residual  plots  using  the  Martingale  residuals,  from 
a  Cox  model  that  includes  only  baseline  hazard  function  but  no 
covariate,  on  the  vertical  axis  and  HDGF  on  the  horizontal  axis 
were  provided.  By  applying  a  nonparametric  smoother  to  create  a 
line,  the  plots  allow  one  to  examine  visually  the  nature  of  the 
relationship  between  the  residuals  and  the  HDGF  scores.  Appro- 
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priate  transformation  and/or  cutoff  points  can  be  chosen  accord¬ 
ingly.  .All  statistical  tests  are  two-sided  and  a  P  value  of  .05  or  lower 
was  considered  statistically  significant. 


results,;. 


Of  the  98  patients  included  in  this  study,  71  patients  died, 
and  27  patients  were  still  alive  at  the  time  of  last  follow-up. 
Among  the  71  patients  who  died,  29  died  of  lung  cancer, 
and  42  died  of  other  causes  including  heart  diseases,  respi¬ 
ratory  diseases,  and  other  organ  failures.  The  median 
follow-up  time  was  10.1  years  among  the  patients  who 
remained  alive.  Patient  ages  at  the  time  of  diagnosis  ranged 
from  37  to  82  years,  with  a  median  age  of  62.5  years;  this  is 
similar  to  the  age  distribution  in  a  large  database  of  NSCLC 
at  M.D.  Anderson  (data  not  shown).  Twenty-four  (24%)  of 
the  patients  were  women,  and  74  (76%)  were  men,  which  is 
comparable  to  the  sex  distribution  of  the  disease  in  the 
1970s  and  1980s.2  Ninety-sbc  percent  of  the  patients  were 
smokers  or  former  smokers.  The  histology  types  of  squa¬ 
mous,  adenocarcinoma,  and  others  were  found  in  40%, 
45%,  and  15%  of  the  patients,  respectively.  The  5-year 
overall  survival  rate  was  55%,  and  the  5 -year  disease- 
specific  survival  rate  was  71%  in  our  patient  population; 
these  rates  are  similar  to  the  rates  reported  in  a  previous 
study  with  a  large  number  of  cases  from  our  institution.13 
The  general  clinical  characteristics  of  the  patients  are  shown 
in  Table  1. 

The  high  expression  of  HDGF  in  NSCLC  was  observed 
by  Western  blot  analysis  in  NSCLC  cell  lines  and  primary 
tumors  (Fig  IB  and  C).  A  single  band  of  molecular  weight 
about  40  kDa  was  detected  in  all  13  NSCLC  cell  lines  using 
the  anti-HDGF  antibody  (Fig  IB).  Overexpression  of 
HDGF  was  observed  in  three  of  five  primary  NSCLC  tu¬ 
mors  compared  to  corresponding  normal  lung  tissues,  as 
well  as  in  four  normal  lung  tissues  from  patients  with  lung 
metastasis  of  other  organ  origins  (Fig  1C). 

We  analyzed  the  expression  statu?  o*  ,-fCsGF  protein  in 
the  98  primary  tumor  samples  from  patients  with  patho¬ 
logic  stage  I  NSCLC  by  immunohistochemistry  using  a 
polyclonal  anti-HDGF  antibody.  HDGF  staining  was  ob¬ 
served  in  all  tumor  sections  but  at  various  intensities  (Fig  2). 
Strong  nuclear  staining  with  minimal  cytoplasmic  staining 
was  observed  in  many  lung  adenocarcinomas  (Fig  2A 
through  C).  The  staining  intensity  was  in  general  weaker 
and  more  variable  in  squamous  cell  type  (Fig  2D  and  E). 
The  mean  labeling  index  was  185 14  in  the  overall  tumor 
population  with  range  from  100  to  291.  The  quartiles  of  the 
HDGF  labeling  index  were  158,  182.5,  and  21 1,  respectively 
(25th,  50th,  and  75th  percentiles).  Thirty-four  percent  of 
the  adenocarcinomas  exhibited  an  HDGF  labeling  index 
more  than  211  (highest  quartile)  while  only  15%  of  the 
squamous  cell  carcinomas  did  so;  however,  this  difference 
was  not  statistically  significant  (P  =  .09).  Weak  cytoplasmic 
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Table  1.  Demographic  Characteristics  of  the  Patient  Population  by  HDGF  Expression 


HDGF 

<  185 

a  185 

Total 

Characteristic 

No,  of 

Patients 

% 

No.  of 

Patients 

% 

No.  of 

Patients 

In  =  51;  52%) 

Sex 


Male 

39 

53 

FemBle 

12 

50 

Age.  years 

Mean 

62.7 

SD 

10.4 

Smoking  status 

Smoker 

48 

53 

Nonsmoker 

1 

25 

Histology 

Squamous 

24 

62 

Adeno 

21 

48 

Other" 

6 

40 

Five-year  survival  probability 

Overall 

.82 

95%  Cl 

.72  to  93 

Disease-specific 

.92 

95%  Cl 

.84  to  1 .0 

Disease-free 

.71 

95%  Cl 

.60  to  .85 

(n  -  47;  48%) 

o> 

w 

Z 

35 

47 

74 

76 

12 

50 

24 

24 

630 

62.8 

8.7 

9.6 

42 

47 

90 

96 

3 

75 

4 

4 

15 

38 

39 

40 

23 

52 

44 

45 

e 

60 

15 

15 

.26 

55 

.16  to  .43 

46  to  66 

.42 

.71 

.28  to  .62 

.61  to  .81 

.34 

.55 

.22  to  53 

.46  to  .66 

r0W  perc8n,a9e  0f  HDGF  9roups  'n  each  caIe90rY  Of  the  variables  (first  two  columns)  and  the  percentage  of  each  category  fo, 

Abbreviations:  HDGF,  hepatoma-derived  growth  factor;  SD,  standard  deviation. 

‘Other  histology  types:  bronchioalveoli  (seven  patients),  large  cell  (three  patients),  and  mixed  (five  patients). 


staining  was  observed  in  some  HDGF-positive  squamous 
carcinoma  cells.  In  normal  lung  tissues,  vascular  smooth 
muscle  cells  might  show  weak  staining  and  were  used  as  an 
internal  control  (intensity  level  1).  In  normal  lung  tissues, 
the  HDGF  expression  level  was  low  (Fig  2F).  The  HDGF 
expression  level  was  not  associated  with  age,  sex,  or  race.  In 
40  tumors,  HDGF  expression  and  the  expression  of  the 
proliteratfon-merkcr-  “.nV  '  -were  compared.  V^e  failed  to 
observe  an  association  between  the  two  markers  (Spearman’s 
correlation  coefficient  =  0.1;  P  =  .52). 

In  our  analysis  of  potential  associations  between  the 
level  of  HDGF  in  the  primary  tumors  and  survival,  we 
found  that  patients  whose  primary  tumors  exhibited  a  high 
level  of  HDGF  (when  the  mean  labeling  index  of  185  was 
used  as  a  cut-off  point)  had  a  significantly  poorer  overall 
survival  probability  (P  <  .0001,  log-rank  test).  The  proba¬ 
bility  of  overall  survival  at  5  years  after  surgery  was  0.82 
(95%  Cl,  0.72  to  0.93)  for  patients  whose  tumors  showed  a 
low  HDGF  labeling  index  (<  185)  compared  with  0.26 
(95%  Cl,  0. 16  to  0.43)  for  patients  whose  tumors  showed  a 
high  HDGF  labeling  index  (>  185;  Fig  3A).  The  probability 
of  overall  survival  at  10  years  after  surgery  was  also  lower  for 
patients  whose  tumors  had  a  high  HDGF  labeling  index,  but 
the  difference  was  smaller  compared  to  that  at  5  years, 
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probably  as  a  result  of  an  increase  in  non— cancer-related 
deaths  over  time  in  this  patient  population  (median  age  of 
62.5  years  and  96%  smokers;  Fig  3A).  The  striking  differ¬ 
ence  in  disease-specific  survival  at  5  years  remained  at  10 
years  after  surgery  and  beyond  between  the  high  HDGF 
group  and  the  low  HDGF  group  (Fig  3B).  The  probability  of 
5-year  disease-specific  survival  was  0.92  (95%  Cl,  0.84  to 
1.00)  for  patients  with  a  lower  labeling  index  com¬ 

pared  with  only  0.42  (95%  Cl,  0.28  to  0.62)  for  the  group 
with  a  high  HDGF  labeling  index.  The  disease-specific  sur¬ 
vival  probability  was  highly  significandy  different  between 
the  two  groups  (P  <  .0001 ,  log-rank  test).  Consistent  with  a 
role  of  HDGF  in  development  of  recurrence  or  metastasis, 
patients  whose  tumors  expressed  a  higher  level  of  HDGF 
had  significantly  poorer  disease-free  survivals  (P  =  .0008, 
log-rank  test;  Fig  3C).  The  probability  of  5-year  disease-free 
survival  was  0.71  (95%  Cl,  0.60  to  0.85)  for  patients  with  a 
high  HDGF  labeling  index  compared  with  0.34  (95%  Cl, 
0.22  to  0.53)  for  the  group  with  a  high  HDGF  labeling  index. 

To  evaluate  the  robustness  of  the  prognostic  value  of 
HDGF  labeling  index,  we  further  divided  the  patients  into 
four  groups  based  on  quartiles  of  HDGF  labeling  indexes 
and  compared  the  survival  probabilities  of  the  groups.  As 
the  HDGF  labeling  index  increases,  overall  survival  (Fig  3D; 
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P  <  .0001),  disease-specific  survival  (Fig  3E;  P  <  .0001), 
and  disease-free  survival  (Fig  3F;  P  =  .0002)  decreased. 
When  we  compared  patients  whose  tumors  exhibited  a 
labeling  index  less  than  158  (the  lowest  quartile)  with  those 
whose  tumors  exhibited  a  labeling  index  >211  (the  highest 
quartile),  the  difference  in  the  survival  probabilities  was 
striking.  At  5  years,  none  of  the  patients  in  the  lowest 
quartile  had  died,  while  84%  of  the  patients  in  the  highest 
quartile  had  died  of  any  cause  (95%  Cl,  0.07  to  0.40)  and 
76%  died  of  lung  cancer  (95%  Cl,  0.1 1  to  0.54).  Consis¬ 
tently,  only  12%  of  the  patients  at  the  lowest  quartile  devel¬ 
oped  recurrence  or  metastasis  at  5  years  compared  to  80% 
cf  the  pr.ti:..!_  ;h;  highest  quartile. 

To  determine  whether  HDGF  expression  level  is  an 
independent  factor  in  predicting  survival  probability  for 
patients  with  pathologic  stage  I NSCLC,  we  performed  mul¬ 
ticovariable  analysis  using  the  Cox  model.  We  found  that 
HDGF  expression  level  was  the  only  independent  predictor 
of  disease-specific  and  disease-free  survival  probabilities 
(P  <  .0001)  among  the  parameters  tested,  including  age, 
sex,  race,  smoking  status,  and  tumor  histology.  When  over¬ 
all  survival  was  analyzed,  HDGF  expression  level  remained 
the  most  significant  independent  predictor  (P<  .0001);  not 
surprisingly,  age  was  also  an  independent  predictor  for 
overall  survival  (P  =  .0002).  Martingale  residual  analysis 
showed  that  the  Cox  model  fit  the  data  well.  It  Was  con¬ 
firmed  that  there  was  a  linear  relationship  of  higher  HDGF 
and  poorer  overall,  disease-specific,  and  disease-free  surviv¬ 
als,  suggesting  that  the  higher  the  HDGF  expression,  the 
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worse  the  clinical  outcome  observed  in  early  stage  NSCLC 
patients  (Fig  4). 


The  capability  of  exogenous  HDGF  to  stimulate  the  growth 
of  fibroblasts  and  HuH-7  cells,  aortic  endothelial  cells,  and 
vascular  smooth  muscle  cells15  supports  its  role  as  a  growth 
factor.  Structurally,  HDGF  has  a  significant  homology  with 
the  high-mobility  group- 1  DNA-binding  protein,"  but 
lacks  the  high-mobility  box  responsible  for  DNA  binding. 
However.  HDG.F  uc.r.tAtf.s  TV/Y.T .  domain  at.  i,, 
N-terminal.  The  PWWP  domain  is  a  wealdy  conserved 
sequence  motif  found  in  over  50  eukaryotic  proteins,  in¬ 
cluding  the  mammalian  DNA  methyltransferases  Dnmt3a 
and  Dnmt3b,  the  transcription  coactivator  PC4,  and  the 
DNA  mismatch  repair  protein  MSH6,16  all  important  in 
tumorigenesis.  The  precise  function  of  the  PWWP  domain 
is  not  clear,  but  in  the  case  of  Dnmt3b,  this  domain  has  been 
shown  to  have  a  direct  DNA-binding  capability.17  HDGF 
also  contains  two  nuclear  localization  cassettes,  two  PEST 
(proline,  glutamic/aspartic,  serine,  and  threonine  rich)  do¬ 
mains,  and  a  putative  coiled-coil  structure  (Fig  1A).  Recent 
studies  have  shown  that  nuclear  localization  is  required  for 
HDGF-mediated  DNA  synthesis  and  growth  stimulation,15^18 
suggesting  a  role  of  HDGF  as  a  transcription  factor. 

The  finding  that  the  expression  level  of  HDGF  in 
NSCLC  strongly  correlates  with  patients’  clinical  outcomes 
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suggests  that  HDGF  plays  an  important  role  in  lung  tumor- 
igenesis  and  in  the  determination  of  the  biologic  behavior  of 
NSCLC.  The  analysis  of  HDGF  labeling  index  by  quartiles 
indicated  a  dose-dependent  relationship  between  HDGF 
expression  and  survivals  (Figs  3D  through  F).  The  striking 
differences  between  the  patients  in  the  lowest  quartile  and 
those  in  the  highest  quartile  are  consistent  with  the  fact  that 
the  scoring  method  used  for  immunohistochemistry  is 

www.jco.org 


more  objective  for  cells  expressing  a  very  high  level  of  pro¬ 
teins  or  a  very  low  level  of  proteins  while  more  subjective 
for  cells  expressing  a  medium  level  of  proteins.  A  linear 
relationship  between  the  HDGF  expression  level  and  pa¬ 
tients’  clinical  outcome  was  further  confirmed  by  using  Mar¬ 
tingale  residual  analysis  (Fig  4).  In  the  muldvariate  analysis, 
HDGF  expression  was  an  independent  predictor  of  overall, 
disease-specific,  and  disease-free  survivals.  The  consistency  of 
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Fig  6.  Martingale  res, dual  analysis  shown  as  scatter  plots  of  null  Martingale  residuals  versus  hepatom<Klerived  growth  factor  expressions.  A  linear  trend  was 

evea.ed  in  each  sudpanei  by  fitting  the  nonparametnc.  lowess-smoothing  regression  lines  through  the  data  points.  (Al  overall  survival'  (B)  cancer-specific 
survival;  and  id  disease-free  survival. 


the  results  from  different  statistical  analyses  may  allow  us  to 
conclude  that  HDGF  has  an  important  role  in  determining  the 
behavior  of  NSCLC  and  is  a  promising  biomarker  for  classify¬ 
ing  patients  with  early-stage  NSCLC.  Given  the  advances  in 
adjuvant  therapy,5  it  must  now  be  considered  to  offer  adjuvant 
-fiemjtherapy  to  patients  whose  primary  tumors  have  been 
surgically  resected  in  a  curative  attempt  because  4%  of  these 
patients  may  benefit  from  such  additional  treatment.  If  it  be¬ 
comes  standard  care,  however,  most  of  the  patients  will  suffer 
unwanted  toxicity,  which  can  be  fatal  to  some  patients,  with¬ 
out  gaining  benefit  in  survival  and  quality  of  life.  Therefore,  the 
identification  of  patients  with  the  highest  risk  of  dying  of 
lung  cancer  after  potentially  curative  surgical  treatment  is  a 
critical  step  in  selecting  patients  for  subsequent  treatment  with 
adjuvant  therapy. 

Although  this  study  was  not  designed  to  provide 
direct  evidence  demonstrating  that  HDGF  promotes  tu- 
morigenesis  or  facilitates  metastasis,  our  findings  to¬ 
gether  with  data  from  previous  reports  provide  a  strong 
rationale  to  suggest  such  possibilities.  In  an  in  vitro 
study,  Kishima  et  al19  showed  that  downregulation  of 
HDGF  by  antisense  oligonucleotides  can  inhibit  prolif- 
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eration  of  hepatoma  cell  lines.  Besides  being  mitogenic, 
HDGF  has  been  shown  to  play  a  role  in  renal  vascular 
development  and  in  vascular  lesion  formation.8  Mori  et 
al20  recently  reported  that  HDGF  can  stimulate  prolifer¬ 
ation  of  lung  epithelial  cells  in  both  in  vitro  and  in  vivo 
models,  i  F,  or.- fore,  1  iuGt-  mcy  promote  prcltfx of  - 
tumor  cells,  as  well  as  serve  as  a  paracrine  factor  to 
facilitate  neovascular  formation,  which  is  important  for 
invasion  and  metastasis.  Interestingly,  we  did  not  ob¬ 
serve  a  correlation  between  HDGF  and  Ki-67  expression 
in  the  present  study,  suggesting  that  HDGF  contributes 
to  the  aggressive  biologic  behavior  through  its  paracrine 
activity  rather  than  by  stimulating  tumor  cell  prolifera¬ 
tion.  We  have,  in  fact,  noticed  that  tumor  cells  at  the 
invading  front  and  metastases  in  lymph  nodes  exhibited 
stronger  HDGF  staining  compared  with  the  noninvading 
cells  and  the  primary  tumor  sites  (Tang  and  Mao,  unpub¬ 
lished  data).  Interestingly,  there  were  nine  patients  who 
developed  brain  metastasis  after  surgery  in  this  study 
population.  Eight  of  the  nine  patients  were  in  the  high 
HDGF  group.  The  only  patient  whose  primary  tumor 
had  a  low  HDGF  labeling  index  developed  brain  metas- 
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tasis  6  months  after  surgery  but  survived  for  more  than  6 
years  (data  not  shown). 

In  summary,  our  data  demonstrated  that  HDGF  ex¬ 
pression  is  quantitatively  associated  with  poor  prognosis  in 
all  three  types  of  clinical  outcomes  (disease-free  survival, 
disease-specific  survival,  and  overall  survival)  and  strongly 
suggests  that  HDGF  is  involved  in  the  disease  aggressive¬ 
ness,  progression,  and  lethality.  HDGF  is  a  promising  prog¬ 
nostic  marker,  not  only  to  identify  individuals  with  poor 
prognostic  potential  for  more  aggressive  treatment,  but  also 
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Abstract 

Death-associated  protein  (DAP)  kinase  plays  an 
important  role  in  IFN-y,  tumor  necrosis  factor  (TNF)-cx, 
or  Fas  ligand- induced  apoptosis.  TNF-related 
apoptosis-inducing  ligand  (TRAIL)  Is  a  member  of  the 
TNF  ligand  family  and  can  induce  caspase-dependent 
apoptosis  in  cancer  cells  while  sparing  most  of  the 
normal  cells.  However,  some  of  the  cancer  cell  lines 
are  insensitive  to  TRAIL,  and  such  resistance  cannot 
be  explained  by  the  dysfunction  of  TRAIL  receptors 
or  their  known  downstream  targets.  We  reported 
previously  that  DAP  kinase  promoter  is  frequently 
methylated  in  non-small  cell  lung  cancer  (NSCLC), 
and  such  methylation  is  associated  with  a  poor  clinical 
outcome.  To  determine  whether  DAP  kinase  promoter 
methylation  contributes  to  TRAIL  resistance  in  NSCLC 
cells,  we  measured  DAP  kinase  promoter  methylation 
and  its  gene  expression  status  in  11  NSCLC  cell  lines 
and  correlated  the  methylation/expression  status  with 
the  sensitivity  of  cells  to  TRAIL.  Of  the  11  cell  lines, 

1  had  a  completely  methylated  DAP  kinase  promoter 
and  no  detectable  DAP  kinase  expression,  4  exhibited 
partial  promoter  methylation  and  substantially 
decreased  gene  expression,  and  the  other  6  cell  lines 
showed  no  methylation  In  the  promoter  and  normal 
DAP  kinase  expression.  Therefore,  the  amount  of  DAP 
kinase  expression  amount  was  negatively  correlated 
to  its  promoter  methylation  (r  =  -0.77;  P  =  0.003). 
Interestingly,  the  cell  lines  without  the  DAP  kinase 
promoter  methylation  underwent  substantial  apoptosis 
even  In  the  low  doses  of  TRAIL,  whereas  those  with 
DAP  kinase  promoter  methylation  were  resistant  to 
the  treatment.  The  resistance  to  TRAIL  was 
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reciprocally  correlated  to  DAP  kinase  expression  in 
10  of  the  11  cell  lines  at  10  ng/mL  concentration 
(r  =  0.91;  P  =  0.001).  We  treated  cells  resistant  to 
TRAIL  with  5-aza-2'-deoxycytldine,  a  demethylating 
reagent,  and  found  that  these  cells  expressed  DAP 
kinase  and  became  sensitive  to  TRAIL.  These  results 
suggest  that  DAP  kinase  is  involved  in  TRAIL-mediated 
cell  apoptosis  and  that  a  demethylating  agent  may 
have  a  role  in  enhancing  TRAIL-mediated  apoptosis  in 
some  NSCLC  cells  by  reactivation  of  DAP  kinase. 

(Mol  Cancer  Res  2004;2(12):685-91) 

Introduction 

Death-associated  protein  (DAP)  kinase  is  a  Ca2+ /calmodulin- 
regulated,  160-kDa  serine/threonine,  microfilament-bound 
kinase  shown  recently  to  be  involved  in  IFN-y,  tumor  necrosis 
factor-a,  or  Fas  ligand -induced  apoptosis  (1-3).  Aggressive¬ 
ness  of  malignant  tumors  has  been  associated  with  methylation 
of  the  promoter  region  of  the  DAP  kinase  gene  (4-8)  and  loss 
of  DAP  kinase  expression  (9). 

Tumor  necrosis  factor- related  apoptosis-inducing  ligand 
(TRAIL,  also  known  as  Apo-2L),  a  member  of  the  tumor 
necrosis  factor  ligand  family,  is  a  cytokine  that  can  induce  a 
rapid  caspasr-denendent  and  tumor-specific  apoptosis  (10-16) 
through  its  specific  ueatn  receptors  DR4  and  DR5  (17).  The 
activation  of  DR4  and  DR5,  like  that  of  Fas/Apo,  leads  to  the 
activation  of  the  initiator  caspasc,  caspase-8,  and  its  down¬ 
stream  targets  (18).  TRAIL  seems  to  exert  selective  toxicity 
toward  neoplastic  cells,  whereas  most  normal  cells  are  resistant 
to  TRAIL  (19).  Multiple  factors  have  been  proposed  for  such 
resistance,  including  the  presence  of  the  decoy  receptors  DcRl 
and  DcR2,  the  downexpression  of  DR4  and  DR5,  the  silencing 
of  caspase-8,  the  inactivity  of  Akt,  and  the  overexpression  of 
cFLIP  and  cyclooxygenase-2  (20-27). 

In  this  study,  we  investigated  whether  DAP  kinase  plays  a  role 
in  determining  the  sensitivity  of  cells  to  TRAIL  using  non  -small 
cell  lung  cancer  (NSCLC)  as  a  model.  Our  data  suggest  that  the 
DAP  kinase  may  be  involved  in  TRAlL-induced  apoptosis,  and 
restoration  of  DAP  kinase  expression  may  overcome  TRAIL 
resistance  in  certain  NSCLCs. 

Results 

Establishment  of  a  Multiplex  Methylation-Specific  PCR 

Methylation -specific  PCR  (MSP;  ref.  28)  is  the  most 
extensively  used  method  for  detecting  the  methylation  status 
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of  CpG  islands  in  the  promoter  regions  of  genes.  Combined 
bisulfite  restriction  analysis  is  more  quantitative  (29)  but 
requires  more  strict  experimental  condition.  In  this  study,  we 
combined  multiplex  PCR  and  MSP  to  create  multiplex  MSP 
(MMSP).  In  this  method,  unmethylatcd  and  methylated 
DNA  are  amplified  simultaneously  with  two  primer  sets 
specific  for  methylated  and  unraethylated  CpG  islands  in  the 
DAP  kinase  promoter.  The  intensities  of  PCR  products 
between  methylated  and  unmethylated  DNA  were  used  to 
determine  their  relative  ratios.  Our  results  indicate  that 
MMSP  is  robust  in  quantifying  methylated  DAP  kinase 
promoter  (Fig.  1). 

DAP  Kinase  Promoter  Methylation  in  NSCLC  Cell  Lines 

Using  MMSP.  we  established  the  methylation  status  of  the 
DAP  kinase  promoter  in  the  1 1  NSCLC  cell  lines.  In  5  of  the  11 
(46%)  cell  lines,  the  CpG  island  in  the  promoter  region  was 
methylated  (Fig.  2A).  This  percentage  is  close  to  the  44%  that 
we  found  in  early-slage  NSCLC  tissues  in  an  earlier  study  (8). 
In  the  5  promoter-methylated  cell  lines,  the  promoter  in  Calu-l 
was  completely  methylated,  whereas  in  11157,  H460,  HI 792, 
and  SK.-MES-I  the  promoter  was  partially  methylated  to 
different  degrees. 

To  further  determine  the  nature  of  mixed  methylation  status 
in  some  NSCLC  cell  lines,  we  isolated  98  individual  clones  of 
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A549  0  12.5  25  50  75  87.5  100 

Calu-1  100  87.5  75  50  25  12.5  0 


u 

M 


c 


♦  Calu-1 

— • — HI  57 

H460 

;  : — 

- * 

0.5  | 

o  -I - , - - - , 

34  36  38  40 


PCR  Cycles 


FIGURE  1.  MMSP  consistency  (or  OAP  kinase  promoter  methylation 
A.  MMSP  was  done  using  bisullite-modified  DNA  Irom  A549  cells  (with 
unmethylated  DAP  kinase  promoter)  and  Calu-1  cells  (with  methylated 
DAP  klnasa  promoter),  with  ratios  on  fop  ol  each  lane.  8.  MMSP  using 
blsultite-modllied  DNA  isolated  Irom  NSCLC  cell  lines  (H460,  HI  57,  and 
Calu-1).  U,  279-bp  unmethylated  fragments;  M,  218-bp  methylated 
fragments.  C.  Scanning  densitometry  was  used  to  measure  and  analyze 
the  intensity  ol  the  fragment  signal  of  8  Relative  quantity  of  the 
methylation  promoter  was  then  calculated. 


H460  cells  and  analyzed  their  methylation  status.  We  found 
77  clones  that  carried  both  methylated  and  unmethylated 
promoter  alleles,  6  clones  that  contained  a  completely 
methylated  promoter,  and  1 5  clones  that  contained  a  completely 
unmethylated  promoter.  It  suggests  that  H460  parental  cell  line 
is  heterogeneous  with  respect  to  DAP  kinase  promoter 
methylation  and  its  gene  expression.  It  also  suggests  that  the 
status  of  DAP  kinase  promoter  methylation  is  also  unstable 
in  some  of  the  subclones. 

Expression  of  DAP  Kinase  in  the  NSCLC  Cells  Negatively 
Correlates  with  Its  Promoter  Methylation  Status 

Using  multiplex  reverse  transcription-PCR,  we  examined 
DAP  kinase  expression  in  the  1 1  lung  cancer  cell  lines.  DAP 
kinase  expression  was  completely  or  partially  silenced  in 
Calu-1,  H1792,  HI 57,  H460,  and  SK-MES-I  cells  (Fig.  2B), 
which  have  methylated  CpG  islands  in  their  promoters,  bul 
not  in  A549,  H226,  H292,  H522,  H596,  and  HI 944  cells, 
which  have  an  unmethylated  promoter.  The  extent 
of  methylation  detected  in  the  DAP  kinase  promoter 
was  negatively  correlated  with  the  DAP  kinase  mRNA  level 
in  the  1 1  cell  lines  (r  =  —0.77;  P  =  0.003  by  linear  correlation 
and  regression  analysis;  Fig.  2C).  Of  the  H460  subclones 
tested,  H460-12  and  H460-126,  which  were  completely 
methylated,  had  no  detectable  DAP  kinase  gene  and  protein 
expression  (example  in  Fig.  3C  and  D)  but  H460-14,  H460-120, 
and  H460-124,  which  were  unmethylated,  had  detectable  DAP 
kinase  expression  (example  in  Fig.  3C  and  D). 


TRAIL-Induced  Apoptosis  of  NSCLC  Cells  Correlates 
with  DAP  Kinase  Promoter  Methylation  and  Its  Gene 
Expression 

The  II  NSCLC  cell  lines  with  different  DAP  kinase 
promoter  methylation  status  were  treated  with  TRAIL  at 
different  doses  (10,  40,  and  160  ng/mL)  to  determine  their 
response  m  TRAIL.  The  results  (Table  1)  show  that  cell 
deaths  inuuced  by  TRAIL  correlated  with  DAP  kinase 
expression.  When  analyzed  as  a  whole,  the  degree  of  cell 
death  (%  of  cells  dying)  induced  by  TRAIL  at  low  doses 
(10  and  40  ng/mL)  were  positively  correlated  with  DAP 
kinase  mRNA  expression  (10  ng/mL,  r  =  0.91,  P  <  0.001; 
40  ng/mL,  r  =  0,80;  P  —  0.008  by  linear  correlation  and 
regression  analysis)  but  not  at  160  ng/mL  (r  =  0.46; 
P  =  0.187;  Table  1).  Immunochemical  double  staining  with 
DAP  kinase  antibody  and  terminal  deoxynucleotidyl  trans¬ 
ferase-mediated  dUTP  nick  end  labeling  (TUNEL)  showed 
that  only  the  DAP  kinase-expressing  H460  cells  underwent 
apoptosis  alter  12-hour  incubation  with  TRAIL  (10  ng/mL; 
Fig.  3A).  To  address  the  relationship  of  DAP  kinase 
expression  to  TRAIL-induced  apoptosis,  we  compared  two 
H460  subclones  (H460-12  and  H460-124)  in  which  the 
DAP  kinase  promoter  was  either  completely  methylated 
or  unmethylatcd  (Fig.  3B-D).  3-{4,5-Dimethylthiazol-2-yl)-2j 
5-diphenyltetrazolium  bromide  (MTT;  Fig.  3E)  and  DNA 
fragmentation  (Fig.  3F)  analyses  showed  that  the  H460-124 
cells  were  sensitive,  whereas  the  H460-12  cells  were  resistant 
to  TRAIL-induced  cell  death. 
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FIGURE  2.  Correlation  ol  DAP  kinasa  promot¬ 
er  metnylation  status  and  expression  ol  the  gene 
in  NSCLC  cells.  A.  Methylation  status  ol  the  DAP 
kinase  promoter  ol  the  1 1  NSCLC  cell  lines.  U. 
279-bp  unmethylated  PCR  fragment;  M,  218-bp 
methylated  PCR  fragment.  B.  DAP  kinase  mRNA 
expression  in  the  1 1  NSCLC  cell  lines.  Lane  1, 
DNA  size  marker  C.  Correlation  ol  DAP  kinase 
promoter  methylation  and  expression  ol  Ihe  gene 
based  on  data  Irom  A  and  B  Points,  mean 
proportions  ol  methylated  DAP  kinase  promoter 
or  relative  gene  expression  level  ol  three  Inde¬ 
pendent  replicates;  bars,  unbiased  SD 


Cell  Lines 


The  Restoration  of  DAP  Kinase  Expression  and  TRAIL 
Sensitivity  by  Promoter  DNA  Demethylation 

To  further  establish  that  DAP  kinase  is  involved  in  TRAIL- 
induced  apoptosis  in  NSCLC  cells,  we  pretreated  Calu-1  and 
H460- 1 2  cells,  which  contain  a  methylated  DAP  kinase  promoter 
and  lack  DAP  kinase  gene  expression,  with  5-aza-2'-deoxycy- 


tidine  (5ADC),  a  commonly  used  demethylation  reagent,  be¬ 
fore  TRAIL  treatment.  After  pretreatment  for  48  hours  at  1  or  2 
pmol/L,  expression  of  DAP  kinase  was  restored  in  both  cell  lines 
(Fig.  4A).  The  treatment  substantially  enhanced  the  levels  of 
TRAlL-induced  cell  death/apoptosis  in  these  cells  as  measured 
by  MTT  and  DNA  fragmentation  assays  (Fig.  4B  and  C). 


FIGURE  3.  Correlation  ol  DAP  kinase  expres¬ 
sion  with  TRAlL-induced  apoptosis  in  H460  cells 
A.  Double  immunohistochemistry  staining  ol  H460 
cells  Black  nuclear  staining,  apoptosis;  red 
cytoplasmic  staining,  expression  ol  DAP  kinase 
Top  nght  box.  control  panel  without  TRAIL 
treatment  B.  Methylation  status  ol  two  H460 
subclones  measured  by  MMSP  U,  unmethylated 
Iragment;  M.  methylated  fragment.  C.  DAP  kinase 
gene  expression  in  H460-12  and  H460-124.  D. 
DAP  kinase  protein  expression  in  H460-12  and 
H4S0-124  p-actin  level  was  used  as  a  loading 
control.  E.  TRAlL-induced  cell  death  measured  by 
MTT  assay  Top.  scanned  Image  ol  the  MTT 
results,  bottom,  measured  rates  ol  cell  death. 
Points,  mean  cell  death  rates  ol  three  Independent 
replicates;  bars.  SD.  F.  TRAlL-induced  DNA 
Iragmentation  in  the  two  subclones  alter  TRAIL 
treatment  (80  ng/mL  lor  12  hours).  M.  DNA  size 
marker. 
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Discussion 

In  this  study,  we  showed  that  DAP  kinase  promoter 
methylation  and  its  gene  expression  correlate  with  TRAIL- 
induced  apoptosis  in  NSCLC  cells.  We  also  showed  that  a 
demcthyiation  agent  activates  DAP  kinase  gene  expression  and 
sensitizes  the  cells  to  TRAIL.  We  have  shown  previously  that 
the  promoter  of  the  DAP  kinase  gene  is  mediylated  in  44%  of 
primary  NSCLC  tumors  (8)  similar  to  the  46%  rate  we  observed 
in  NSCLC  cell  lines  in  present  study.  Methylation  of  the  DAP 
kinase  promoter  in  the  primary  tumors  is  associated  with  poor 
survival  in  patients  with  early-stage  NSCLC  (8).  The 
methylation  and  lack  of  gene  expression  in  hepatoma  also 
correlated  with  a  poor  clinical  outcome  in  patients  (30).  The 
inactivation  of  DAP  kinase  through  its  promoter  methylation 
has  been  frequently  detected  in  aggressive  tumors  of  the  brain 
(31),  lymphoma  (32),  and  colorectal  cancer  (33). 

Of  the  1 1  NSCLC  cell  lines  studied,  5  contained  a  mediylated 
DAP  kinase  promoter,  including  4  that  contained  both 
methylated  and  unmethylatcd  DAP  kinase  promoter,  indicating 
that  they  are  heterogeneous  either  due  to  differential  methylation 
in  one  of  the  two  DAP  kinase  alleles  or  the  presence  of  subclones. 

A  highly  negative  correlation  between  DAP  kinase  methyl¬ 
ation  and  gene  expression  was  verified  in  the  1 1  NSCLC  cell  lines 
(r  ~  —0.77;  P  =  0.003)  and  in  the  H460  subclones  ( r  =  -0.97; 
P  =  0.001;  data  not  shown).  The  fact  that  the  promoter 
methylation  status  was  consistent  with  DAP  kinase  gene 
expression  indicates  that  the  promoter  methylation  is  the  major 
mechanism  to  inactivate  DAP  kinase.  Measurement  of  DAP 
kinase  expression  either  by  immunohistochemistry  or  in  situ 
MSP  would  be  helpful  for  predicting  the  functional  status  of 
the  gene. 

Previous  studies  have  shown  that  DAP  kinase  is  an 
important  death  messenger  in  IFN-y,  tumor  necrosis  factor-a, 
and  Fas  ligand -mediated  apoptosis  (3,  9),  but  DAP  kinase 
involvement  with  TRAIL-induced  cell  apoptosis  has  not  been 
reported  Consistent  with  this  involvement  is  the  observation 


Table  1 .  Expression  o»  DAP  Kinase  and  TRAIL-induced  Cell 
Death  in  NSCLC  Cell  Lines 


Cell  Lines 

DAP  Kinase 
Expression* 

TRAIL-induced  Cell  Death  (%  of  Control) 

10  ng/mLf 

40  ng/mL 

160  ng/mL 

Calu-I 

0.000 

0.00 

6.79 

7.22 

HI  792 

0.022 

0.00 

10.79 

24  87 

HI  57 

(1.059 

0.00 

0.00 

23.97 

SK-MES-I 

0.176 

0.87 

13  47 

61.26 

H522 

0.644 

9.48 

17  95 

35.81 

H596 

0  783 

11.20 

31.24 

59.26 

H292 

0.812 

12.47 

13.97 

43.22 

A549 

0.874 

8.55 

20.31 

45.39 

H226 

0.999 

12.61 

19  13 

29  ’ >2 

H 1 944 

1.120 

25.85 

30.05 

45.70 

rl  (DAP  Kinase  Expression 

0.91 

0  80 

0.46 

TRAIL-induced  Cell  Death) 

p 

0.001 

0.008 

0-187 

•mRNA  relative  amount  to  [i-actin  detected  with  multiplex  reverse  transcription- 


t TRAIL,  incubated  for  12  hours,  MTT  analysis 
t Linear  correlation  and  regression  analysis. 
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FIGURE  4.  Restoration  of  DAP  kinase  expression  ant)  sensitivity  to 
TRAIL  treatment  by  promoter  demethylatlon.  A.  DAP  kinase  expression 
was  restored  alter  treatment  with  5ADC  at  the  concentration  of  1  or  2 
pmol/L.  B.  MTT  assay  measuring  cell  death  Induced  by  TRAIL  with  or 
without  5ADC  in  H460-12  calls.  Bars,  unbiased  SD  of  the  triplicates.  C. 
TRAIL-induced  DNA  fragmentation  in  H460-12  cells  treated  with  TRAIL 
with  (+)  or  without  (-)  5ADC. 


that  cells  lacking  DAP  kinase  expression  were  less  sensitive  to 
TRAIL-induced  apoptosis  than  cells  expressing  DAP  kinase. 
The  fact  that  only  cells  expressing  DAP  kinase  protein 
underwent  apoptosis  (Fig.  3)  turther  supports  the  involvement 
oi  DAP  kinase  in  TRAIL-induced  apoptosis. 

The  expression  of  TRAIL  decoy  receptors  DcR  I  and  DcR2 
and  death  receptors  DR4  and  DR5  as  messenger  receivers 
directly  influences  TRAIL-induced  apoptosis.  In  our  previous 
study,  we  have  shown  DR5  was  expressed,  whereas  decor 
receptors  were  not  expressed  in  HI 57  cells  (34),  yet  these  cells 
were  resistant  to  TRAIL  (Table  I),  suggesting  the  involvement 
of  other  mechanisms  for  this  resistance.  We  have  not  observed  a 
strong  correlation  between  the  expression  of  TRAIL  receptors 
and  their  sensitivity  to  TRAIL  in  the  1 1  cell  lines  we  studied.’ 
It  has  been  shown  that  the  binding  of  death  ligands  to  receptors 
might  result  in  recruitment  of  the  cofactor  Fas-associaled  death 
domain -containing  protein  with  formation  of  a  death-inducing 
signaling  complex,  which  results  in  activation  of  caspase-8 
(18,  35).  Recent  studies  reported  that  the  gene  for  caspase-8  is 
silenced  preferentially  by  aberrant  promoter  methylation  in 


1  Unpublished  data 
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neuroblastomas,  bronchial  carcinoids,  and  small  cell  lung  cancer 
but  not  in  NSCLC  (36,  37).  Nevertheless,  a  potential 
relationship  between  TRAIL  receptors  and  DAP  kinase  warrants 
further  investigation. 

When  NSCLC  cells  containing  a  methylated  DAP  kinase 
promoter  were  treated  with  5ADC  (a  demethylation  agent),  the 
cells  restored  expression  of  DAP  kinase  and  TRAIL  sensitivity 
(Fig.  4).  These  results  support  the  involvement  of  DAP  kinase 
in  TRAlL-induced  apoptosis  and  provide  justification  for 
combination  of  demethylation  agent(s)  with  death  ligand(s)  to 
improve  the  therapeutic  effects. 

Although  different  cancer  cell  lines  carry  distinct  patterns 
of  methylated  promoters  and  5ADC  treatment  sensitized 
TRAIL  response  in  multiple  cell  lines  (Fig.  4), 3  it  is  still 
possible  that  activation  of  other  genes  by  5ADC  treatment 
contributes  to  the  sensitization.  Additional  experiments  to 
specifically  activate  DAP  kinase  or  specifically  inhibit  DAP 
kinase  may  provide  more  direct  evidence  to  support  the  role 
of  DAP  kinase  in  rescuing  TRAIL-induced  apoptosis 
in  NSCLC. 

Materials  and  Methods 

Cell  Lines.  Cell  Culture,  and  Cell  Subcloning 

Human  NSCLC  cell  lines  A549,  Calu-1,  HI 57,  H226,  H292, 
H460,  H522,  H596,  HI 792,  HI 944,  and  SK-MES-1  were 
obtained  from  the  American  Type  Cell  Culture  (Rockville,  MD) 
and  grown  in  DMEM  (Life  Technologies,  Rockville,  MD) 
containing  10%  fetal  bovine  serum  and  antibiotics.  The  cells 
were  maintained  at  37°C  in  a  humidified  atmosphere  consisting 
of  5%  C02  and  95%  air  in  monolayers. 

For  each  subcloning  experiment,  30  to  50  H460  parental  cells 
were  seeded  into  a  100-mm  dish  and  incubated  for  4  hours; 
attached  single  cells  were  then  identified  by  marking  the  back  of 
the  dish.  After  being  cultured  for  7  days,  the  individual  clones 
originating  from  the  marked  single  cells  were  transferred  to  24- 
well  plates  for  further  culture  before  being  transferred  to  1 00-mm 
dishes  lor  further  expansion.  All  the  subclones  were  harvested 
oner  on  si*me  May  to  ttvoiu  biological  variant’"  n  '.uuersnt 
generations. 

cDNA  Preparation  and  Multiplex  Reverse  Tran- 
scription-PCR 

Total  RNA  was  extracted  and  purified  from  cultured  cells 
using  RNeasy  mini  kit  (Qiagen,  Valencia,  CA)  following  the 
manufacturer's  instructions.  Total  RNA  (1  pg)  was  used  to 
synthesize  cDNA  with  Superscript  II  reverse  transcriptase  (Life 
Technologies)  in  20  pL,  and  the  final  product  was  diluted  to 
1 00  pL.  The  cDNA  was  then  used  for  the  quantitative  assay  of 
DAP  kinase  expression  by  multiplex  PCR.  The  multiplex 
reverse  transcription-PCR  was  carried  out  under  optimal 
conditions  after  which  a  linear  correlation  between  cycle 
numbers  and  product  amount  of  PCR  was  obtained  (data  not 
shown).  PCR  reaction  mixture  (10  pL)  contained  1  pL  diluted 
cDNA  sample,  I  unit  Holstart  polymerase  (Qiagen),  0. 1  mmol/L 


’  Unpublished  due 


deoxynucleotide  triphosphates  (dATP  -t-  dTTP  +  dCTP  +  dGTP), 

1  pL  DMSO,  and  50  ng  DAP  kinase  primers  (forward 
5'-GACACCGGCG AGGAACTTGGC-3'  and  reverse 
5'-AAAGTCAATGATCTTGATCCGA-3').  The  reaction  was 
done  according  to  the  following  program:  at  94°C  for 
15  minutes  for  activating  the  polymerase;  for  34  cycles  at 
94°C  for  30  seconds,  at  60°C  for  1  minute,  and  at  72°C  for 
i  minute;  and  at  72°C  for  7  minutes.  At  the  6th  cycle  of  the 
2nd  step,  (3-actin  primers  (forward  5'-GTTGCTATCCAGG 
CTGTGC-3'  and  reverse  5'-GCATCCTGTCGGCAATGC-3') 
were  added  into  the  reaction  mixture  as  an  internal  control.  Tile 
PCR  products  were  electrophoresed  on  2.5%  agarose  gel.  Then, 
the  gel  was  stained  with  ethidium  bromide  and  photographed 
under  UV  light.  The  absorbance  of  the  DAP  kinase -specific 
fragments  was  measured  by  scanning  densitometry  using  the 
absorbance  of  the  internal  control  ((A-actin)  as  the  standard.  The 
relative  amount  of  the  DAP  kinase  mRNA  was  calculated  as 
absorbance  of  DAP  kinase lactin. 

DNA  Isolation  and  MMSP 

DNA  was  extracted  and  purified  from  cultured  cells.  The  cells 
were  collected  and  digested  in  200  pL  of  digestion  buffer 
containing  50  mmol/L  Tris-HCl  (pH  8.0),  1%  SDS,  and  0.5  mg' 
mL  proteinase  K  and  incubated  at  42°C  for  36  hours.  The 
digested  products  were  purified  with  phenol-chloroform  twice. 
DNA  was  then  precipitated  using  the  ethanol  precipitation 
method  and  recovered  in  distilled  DNase-free  water.  Bisulfite 
modification  of  DNA  was  done  as  described  by  Herman  et  al. 
(28).  Briefly,  1  pg  of  the  DNA  from  each  sample  was  denatured 
using  NaOH  and  then  treated  with  sodium  bisulfite  (Sigma,  St. 
Louis,  MO)  for  16  hours.  After  purification  using  the  Wizard 
DNA  purification  kit  (Promega,  Madison,  WI),  the  purified  DNA 
was  treated  again  with  NaOH,  precipitated  with  ethanol,  and 
recovered  in  distilled  water.  The  relative  quantity  of  methylated 
and  unmelhylated  DAP  kinase  promoters  was  determined  by  the 
MMSP.  The  primers  specific  for  unmethylated  CpG  islands  were 
(forward)  5'-TTGTGAGTTGTTGATTTTTTTTTGT-3'  and  (re¬ 
verse)  i’- ATA'. AC AATAAAACACACCAAC AAA-3',  whic* 
cover  a  279-bp  fragment;  the  primers  specific  for  methylated 
CpG  islands  were  (forward)  5'-CG AGTTGTC- 
G AGTTTTTTTCGC-3'  and  (reverse)  5'-CCGCGC- 
AAAACCCGCAACG-3',  which  cover  a  218-bp  fragment.  The 
PCR  products  were  separated  in  2.5%  of  agarose  gel,  stained 
with  ethidium  bromide,  and  then  photographed  under  UV  light. 
The  absorbances  of  the  unmethylated  fragments  (l/)  at  279  bp 
and  methylated  fragments  (M)  at  218  bp  were  determined  by 
scanning  densitometry  of  the  photographs.  The  proportion  of 
methylalion  alleles  was  calculated  as  M  /  U  +  M 

Protein  Extraction  and  Western  Blot  Analysis 

Cellular  proteins  were  collected  in  lysis  buffer  containing 
150  mmol/L  NaCl,  1%  Triton  X-100,  1  %  sodium  deoxycholate. 
0.1%  SDS,  10  pg/mL  phenylmethylsulfonyl  fluoride,  30  pg/mL 
aprotinin,  and  50  mmol/L  Tris-HCl  (pH  8.0).  The  samples  were 
then  placed  on  ice  for  60  minutes  and  then  centrifuged  at 
14,000  x  g  at  4°C  for  30  minutes.  The  protein  concentration 
was  measured  using  a  protein  assay  kit  (Bio-Rad,  Hercules, 
CA).  Each  protein  sample  (30  pg)  was  subjected  to  SDS-PAGE 
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using  8%  denaturing  polyacrylamide  gel.  The  proteins  were 
then  transferred  to  Hybond-C  nitrocellulose  membranes 
(Amersham  Pharmacia  Biotech,  Inc.,  Piscataway,  NJ).  The 
nitrocellulose  membranes  were  incubated  in  a  blocking  solution 
containing  5%  bovine  skim  milk  in  10  mmol/L  PBS  containing 
0.1%  Tween  20  for  1  hour  followed  by  incubation  for  3  hours 
with  monoclonal  anti-DAP  kinase  antiserum  (DAPK.-55, 
Sigma)  at  a  concentration  of  1:1,000  or  monoclonal  anti-(j- 
actin  (AC  15,  Sigma)  antibody  at  a  concentration  of  1:5,000. 
The  membranes  were  washed  with  PBS  and  then  incubated 
with  the  secondary  anti-mouse  antibody  supplied  in  the 
enhanced  chemiluminescence  kit  (Amersham  Pharmacia  Bio¬ 
tech)  for  1  hour.  After  this  incubation,  the  membranes  were 
washed  thncc  in  PBS,  developed  in  enhanced  chemilumines¬ 
cence  solution  for  1  to  2  minutes,  and  exposed  to  X-ray  film  for 
chemiluminescence  detection  of  the  positive  protein  bands. 

TUNEL  and  DAP  Kinase  Protein  Detection  by 
Immunohistochemistry  Double  Staining 

H460  cells  were  seeded  on  two  glass  slides,  incubated  for 
24  hours,  and  then  treated  with  or  without  TRAIL  (10  ng/mL, 
Calbiochcm,  San  Diego,  CA)  for  12  hours.  The  slides  were  then 
fixed  in  10%  paraformalin  [prepared  with  PBS  (pH  7.4)]  for 
20  minutes  and  washed  in  PBS  for  5  minutes.  The  TUNEL 
assay  was  done  with  TUNEL  kit  (Intergen,  Burlington,  MA) 
according  to  instructions  provided  by  the  manufacturer.  3,3'- 
Diaminobenzidine-conjugated  nickel  was  used  as  a  Chromogen 
to  stain  the  apoptotic  cells.  The  slides  were  then  subjected  to 
double  staining  with  immunohistochemistry  to  detect  the 
expression  of  DAP  kinase  protein  by  the  following  procedures: 
the  slides  were  treated  thrice  for  5  minutes  in  a  microwave  oven 
with  10  mmol/L  citrate  buffer  (pH  6.0)  to  retrieve  the 
antigenicity,  immersed  in  methanol  containing  0.3%  hydrogen 
peroxidase  for  20  minutes  to  block  the  endogenous  peroxidase, 
and  incubated  in  2.5%  blocking  serum  to  reduce  nonspecific 
binding.  The  slides  were  incubated  overnight  at  4°C  with 
nrimnrv  anti-DAP  kinase  monoclonal  antiserum  (DAPK-55. 
aigma)  at  a  dilution  1:160  and  then  processed  using  standard 
uvidin-biotin  immunohistochemistry  according  to  the  manufac¬ 
turer’s  recommendations  (Vector  Laboratories,  Burlingame, 
DA)’  Vector  NevaRed  (Vector  Laboratories)  was  used  as  a 
chromogcn  to  detect  DAP  kinase  expression  as  ted  in  the 
cytoplasm  Methyl  green  was  used  for  nuclear  counterstaining. 

DNA  Fragmentation  Assay 

After  treatment  with  TRAIL,  both  floating  and  attached  cells 
were  collected,  pelleted,  and  resuspended  in  Tris-EDTA  butler 
(pH  8.0).  The  plasma  membrane  of  the  cell  was  lysed  on  ice  in  a 
mixture  of  10  mmol/L  Tns-HCI  (pH  8.0),  10  mmol/L  EDTA, 
and  0.5%  Triton  X-100  for  15  minutes.  The  lysate  was 
centrifuged  at  12,000  x  g  for  1 5  minutes  to  separate  the  soluble 
(fragmented)  from  pellet  (intact  genomic)  DNA.  The  soluble 
DNA  was  treated  with  RNase  A  (50  pg/mL)  at  37°C  for  1  hour 
and  proteinase  K  (100  pg/mL)  in  0.5%  SDS  at  50°C  for  2  hours, 
extracted  with  phenol-chloroform,  precipitated  in  ethanol, 
electrophoresed  on  a  1.8%  agarose  gel,  and  stained  with 
ethidium  bromide.  The  gels  were  then  photographed  under 
UV  illumination. 


Demethylation 

Cells  were  treated  with  5 ADC  (Sigma)  at  1  or  2  pmol/L  con¬ 
centrations  for  48  hours  before  further  treatment  with  TRAIL. 

MTT  Assay 

About  30,000  cells  of  each  line  were  seeded  in  96-well  plates 
in  0. 1  mL  DMEM  in  triplicate  and  incubated  for  24  hours.  The 
medium  was  then  replaced  with  medium  containing  a  designated 
concentration  of  TRAIL  and  incubated  for  another  12  hours.  At 
the  end  of  treatment,  10  pL  (5  mg/mL)  MTT  (Sigma)  were 
added  and  incubated  for  3  hours.  The  medium  containing  MTT 
was  absorbed  off  and  washed  with  PBS  carefully,  and  0. 1  mL 
DMSO  was  added  to  each  well.  Absorbances  of  controls  (4,.) 
and  experimental  samples  (4J  at  a  wavelength  of  540  nm  with 
background  subtraction  at  620  nm  were  measured  using  the 
Fmn,  precision  microplate  reader  (Molecular  Devices,  Sunny¬ 
vale  CA).  Cell  death  (%)  is  calculated  as  100  x  (|  -  A,  /  Ac). 
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cyclooxygenase 
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ABSTRACT 

Eicosanoid  metabolism  through  cyclooxygenases  (COXs)  and  lipoxygenases  (LOXs) 
generates  various  lipids  that  play  a  role  in  squamous  cell  carcinogenesis.  We  used  pairs 
of  head  and  neck  squamous  cell  carcinoma  (HNSCC)  cell  lines  derived  from  primary  and 
metastatic  tumors  of  the  same  patient  to  analyze  eicosanoid  metabolites  by  ESI-LC/MS/ 
MS  and  COX/LOX  expression  by  western  immunoblotting.  The  effects  of  celecoxib  on 
eicosanoid  synthesis  and  HNSCC  cell  growth  were  examined  Prostaglandin  E2  (PGE2) 
was  the  major  metabolite  in  three  of  six  cell  lines.  COX-2  was  detected  in  three  cell  lines, 
which  produced  PGE2  (two  from  metastases).  We  found  low  expression  of  COX-1  at 
similar  intensities  for  each  pair  of  cell  lines.  5-LOX  was  detected  in  all  cells.  Some 
expressed  1 2-LOX,  1 5-LOX- 1,  and  15-LOX-2,  but  there  was  no  correlation  between 
enzyme  expression  and  endogenous  product  content  in  cells.  Exogenous  arachidonic  acid 
did  not  change  the  profile  of  eicosanoid  biosynthesis.  Low  doses  of  celecoxib  inhibited 
formation  of  PGE2  in  UMSCC-1  4A  cells  by  84%  as  early  as  6  hours.  In  contrast,  5-HETE, 
12-HETE,  and  1 5-HETE  levels  were  increased  by  approximately  40-,  5-  and  3-fold, 
respectively,  with  a  decline  to  baseline  levels  within  24  hours.  High  dose  celecoxib 
increased  the  1  2-HETE  level  2.3-fold  after  3  days  of  incubation.  Celecoxib  inhibited 
growth  of  all  HNSCC  cell  lines  in  a  concentration-dependent  manner  regardless  of  their 
COX  expression  (IC50  values  after  3  days;  33  to  62  pM).  Our  findings  provide  new  infor¬ 
mations  about  individual  eicosanoids  produced  by  HNSCC  cells  and  their  differential 
regulation  by  the  selective  COX-2  inhibitor  celecoxib. 


INTRODUCTION 

Squamous  cell  carcinomas  (SCC)  of  the  head  and  neck  (HN)  arc  potentially  aggressive 
tumors  characterized  by  considerable  morbidity  and  mortality  due  to  a  high  incidence  of 
local  recurrence  and  lymph  node  metastasis.1  The  long-term  survival  of  patients  could  be 
improved  by  prevention  of  carcinogenesis  and  secondary  lesions  that  are  associated  with 
invasive  behavior  of  the  primary  tumor.  Therefore,  understanding  mechanisms  that  afFect 
growth,  survival,  and  invasiveness  of  rumor  cells  may  benefit  ftirurr  rarinnal  design  for 
treatment  and  prevention  or  cancer.  A  body  of  evidence  suggests  mat  me  metabolism  of 
polyunsaturated  fatty  acids  (c.g.,  arachidonic  acid)  is  critically  involved  in  the  development 
ol  HNSCC.2"1  In  particular,  altered  expression  and  activity  of  cyclooxygenases  (COXs) 
and  lipoxygenases  (LOXs)  including  their  metabolites  referred  to  as  eicosanoids  have  been 
implicated  in  squamous  cell  carcinogenesis. 5-8 

Arachidonic  acid,  derived  from  membrane  phospholipids  through  the  action  of 
phospholipase,  is  metabolized  by  COXs  to  prostaglandins  (PCs)  and  thromboxanes,  and 
by  LOXs  to  leukotrienes,  lipoxins  and  a  variety  of  mono-hydroxylated  fatty  acids  such  as 
HF.T  Es.  The  oxidative  pathway  of  linolcic  acid  leads  to  hydroxyoctadecadienoic  acids 
(HODIEs)  predominantly  formed  by  1 5-LOX- 1. 10  Although,  multiple  enzymes  related  to 
eicosanoid  metabolism  are  similar  in  terms  of  structure,  substrate  preference  anil  mecha¬ 
nisms  of  action,  a  variety  of  biological  effects  have  been  demonstrated  for  their  products 
in  various  experimental  models."14  In  fact,  elevated  PG  levels  have  been  detected  in 
HNSCjC  cell  lines  and  neoplastic  tissues  resected  from  patients.15'17  Furthermore,  there  is 
evidence  for  a  strong  correlation  between  PGE2  synthesis  and  prognostic  significance  as 
well  as  metastatic  ability  of  tumor  cells  in  vivo,18'1'-1  Accordingly,  COX-2  isoenzyme  is 
frequently  upregulatcd  in  HN  cancers  that  have  been  reported  to  be  associated  with  tumor 
growth,  resistance  to  apoptosis,  metastasis,  and  angiogenesis. 7,2°'22  The  function  and 
molecular  mechanisms  of  LOX  products  in  cancer,  however,  remain  less  clear  although 
recent  studies  have  suggested  that  LOX  activation  may  be  involved  in  both  pro-  and 
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anri-cumorigenic  effects.11-13'14  Analysis  of  human  saliva  and  primary 
tumor  tissue  samples  from  parients  with  SCC  showed  significandy 
elevated  levels  of  12-HETE,  5-HETE,  and  15-HETE.5-23  In 
addition,  data  on  SCC  cell  lines  have  postulated  a  close  relationship 
between  growth  control  and  LOX  pathways.11  Recent  studies  have 
shown  that  nonsteroidal  anti-inflammatory  drugs  (NSAIDs)  can 
increase  the  expression  of  15-LOX-l  and  15-LOX-2  isoenzymes, 
which  were  downregulatcd  in  HN  cancer  cells.  These  effects  were 
accompanied  by  inhibition  of  cell  proliferation  and  induction  of 
apoptosis.13,14  Nonetheless,  modulation  of  the  eicosanoid  metabo¬ 
lism  by  COX-inhibirors  such  as  aspirin  and  ocher  NSAIDs  exerts 
chemoprcvcntive  activity  on  the  development  of  SCC.24'26 
Celecoxib,  a  selective  COX-2  inhibitor,  was  found  to  suppress  oral 
cancer  growrh  and  angiogenesis  in  a  nude  mouse  model.27  .Although 
the  most  likely  antitumoral  effects  of  NSAIDs  are  based  on  the 
blockade  of  PG  synthesis,  accumulating  evidence  suggests  that 
mechanisms  of  action  may  not  be  exclusively  mediated  by  inhibition 
of  COX  activity.1  ••13,28-31 

In  this  study  we  analyzed  eicosanoid  metabolites  and  related 
enzymes  in  pairs  of  HNSCC  cell  lines  derived  from  primary  and 
recurrent  or  metastatic  tumor  samples  of  the  same  patient.  We 
found  a  correlation  between  PGE2  production  and  COX-2  expres¬ 
sion,  which  appeared  to  be  higher  in  HNSCC  cell  lines  derived  from 
metastasis.  We  therefore  investigated  the  effects  of  the  selective 
COX-2  inhibitor,  celecoxib,  on  eicosanoid  production  and  HNSCC 
cell  growth, 

MATERIALS  AND  METHODS 

Reagents.  Dulbecco's  Modified  Eagle's  Minimal  Essential  Medium 
(DMEM)/Ham's  FI 2,  penicillin,  streptomycin,  phosphate-buffered  saline 
(PBS)  and  trypsin  were  purchased  from  Gibco™  Invitrogen  Corporation 
(Carlsbad,  CA).  Fetal  bovine  scrum  (FBS)  was  from  HyClonc  Laboratories, 
Inc.  (Logan,  UT)  and  celecoxib  (Celebrex®)  was  obtained  frorti  GD  Searle 
Sc  Co  (Chicago,  IL).  Arachidonic  acid,  bovine  serum  albumin,  butylated 
hydroxvtoluene  (BHT),  citric  acid,  dimethyl  sulfoxide  (DMSO),  ethylene 
diamine  tetra-acctic  acid  (EDTA),  [3-(4,5-dimethylthiazol-2-yl)2,5- 
diphenyl-2H-tetrazolium  bromide]  (MTT)  and  sodium  dodecyl  sulfate 
(SDS)  were  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Mouse  monoclonal 
antibody  against  human  prostaglandin  H  synthase- 1  peptide  (PGHS-I, 
COX-1),  and  rabbit  polyclonal  antibodies  against  PGHS-2  (COX-71, 
Iz-LOX  and  I5-LUX-2  were  from  Oxford  Biomedical  Research  Inc. 
(Oxford,  MI)  Anu-actin  was  obtained  from  Santa  Cruz  Biotechnology  Inc. 
(Santa  Cruz,  CA)  and  anti-human  5-LOX  antiserum  was  from  BD 
Bioscicncc  Pharmingen  (San  Diego,  CA).  Rabbit  polyclonal  antiserum  to 
human  15-LOX-l  was  kindly  provided  by  Dr.  I.  Shureiqi  (Shureiqi  et  al., 
200 1 ).  Secondary  antibody  to  IgG  conjugated  to  horseradish  peroxidase  was 
from  Amersham  Bioscienccs  Corp.  (Piscataway.  NJ).  The  deuterium-labeled 
eicosanoids  PGE,.  5-HETE,  12-HETE,  15-HETE,  and  13-HODE  used  as 
internal  standard  for  ESI-LC/MS/MS  analyses  were  purchased  from 
Cayman  Chemical  Co.  (Ann  Arbor,  Ml). 

Human  Squamous  Carcinoma  Cell  Lines  of  the  Head  and  Neck.  The 
continuous  human  squamous  carcinoma  cell  lines  UMSCC-1 IA/-1  IB, 
UMSCC-I4A/-I4B,  UMSCC-1 7A/-17B,  and  UMSCC-22A/-22B  were 
kindly  provided  by  Dr.  T.  Carey  (University  of  Michigan,  Ann  Arbor,  Ml) 
and  have  been  characterized  elsewhere.32  The  cell  lines  derived  from  the 
primary  tumor  suffix  A  and  the  corresponding  recurrent  or  metastatic  lesion 
suffix  B  of  the  same  patient  are  shown  in  Table  1 .  Cells  were  routinely  main¬ 
tained  in  DMEM/Ham's  F12  (1:1,  v/v)  supplemented  with  5%  FBS. 
penicillin  (100  units/ml)  and  streptomycin  (100  JAg/ml)  defined  as  standard 
medium  at  37*C  in  a  humidified  atmosphere  of  95%  air  and  5%  COz. 
Cultures  were  passaged  twice  a  week  using  0.25%  trypsin  containing  0.02% 
EDI  A.  The  desired  concentrations  of  celecoxib  were  made  by  diluting  the 


Table  1  Source  of  HNSCC  Cell  Lines  a 


Cell  line 

Location  ol  tumor 

UMSCC-1  1A 

Hypopharynx 

UMSCC-1  IB 

Recurrence  from  1  1 A  tumor  specimen 

UMSCC-1 4A 

Floor  of  the  mouth 

UMSCC-1 4B 

Recurrence  from  1  4A  hjmor  specimen 

UMSCC-1 7A 

Larynx  (supraglottis) 

UMSCC-1 78 

Neck  soft  tissue  metastasis  from  1 7  A  tumor 

UMSCC-22A 

Hypopharynx 

UMSCC-22B 

Lymph  node  metastasis  from  22A  tumor 

"Carey  IE.  Head  and  netk  lumor  tell  lines.  In:  Hay  RJ,  Pork  JG,  Gozdor  A  (eds.)  Allas  ol  human  tumor  red 
lines  1994.  New  York  Atademit  Press:p79. 


stock  solution  (0.05  M/DMSO)  direedy  into  the  culture  medium  keeping 
the  final  concentration  of  DMSO  less  than  0.1%.  All  experiments  were 
carried  out  in  the  presence  of  5%  FBS. 

Cell  Growth  Studies.  The  effect  of  celecoxib  on  growth  of  various 
HNSCC  cell  lines  was  determined  by  MTT  colorimetric  assay.33  Briefly,  the 
cells  were  harvested,  centrifuged,  and  resuspended  in  standard  medium 
before  seeding  2  x  104  cells/wcll  in  96-well  culture  plates  (BD  Biosciencc 
Labware,  Bedford,  MA)  and  incubated  overnight  at  37’C.  Cells  were  then 
treated  with  celecoxib  at  different  concentrations  or  equal  amounts  of 
medium  containing  DMSO  for  control  cultures.  After  72  hours  of  incuba¬ 
tion,  MTT  (2  mg/ml)  was  added  and  the  generated  formazan  crystals  were 
solubilized  in  25%  SDS/0.075  N  NaOH  before  reading  the  absorbance  at 
550/690  nm  in  a  microtiter  plate  reader  MR5000  (Dynatech  Laboratories 
Inc.,  Chantilly,  VA).  The  percentage  of  growth  inhibition  was  calculated 
from  the  equation,  %  of  control  =  (OD^ODJ  x  100%  whereas  OD,  and 
ODc  are  optical  densities  of  treated  and  control  cultures,  respectively. 
Concentration-response  curves  were  plotted  and  levels  of  celecoxib  resulting 
in  50%  inhibition  of  cell  growth  (IC50  values)  were  calculated.  The  data 
represent  mean  ±  standard  deviations  (SD)  of  three  independent  experi¬ 
ments  performed  in  quadruplicate. 

Western  Blot  Analysis.  Immunoblot  analyses  were  performed  on  cell 
lysates  using  8%  SDS-polyacrylamide  gel  electrophoresis.  Cell  layers  at 
approximately  80%  confluence  were  washed  twice  with  ice-cold  PBS  and 
collected  in  lysis  buffer  containing  150  mM  NaCI,  0.02%  NaN3>  2%  Igepal 
CA-430.  0.5%  sc -Hum  de'-.:-<cfo!?t-,  0  7%  rr'c-.  -  -J  «o  mMTrir  HCI.  pH 
8.0)  supplemented  with  protease  inhibitors  leupeptin  (1  |Lg/ml),  aprotinin 
(1  pg/ml),  pepstatin  (0.5  |lg/ml),  and  phcnylmcthylsulfonyl  fluoride  (100 
ftg/ml).  Protein  concentrations  were  measured  using  Bio-Rad  Protein  Assay 
(Bio-Rad  Laboratories,  Hercules,  CA)  with  bovine  scrum  albumin  used  as 
standard  protein.  A  total  of  50  |ig  of  protein  was  mixed  with  sample  buffer 
(0.5  M  Tris,  pH  6.8;  0.3%  glycerol;  0.03%  P-mcrcaptoethanol;  10%  SDS; 
0.001%  bromphenolblue).  and  clectrophoretically  separated  and  transferred 
ontoTrans-Blot®nitrocellulose  membranes  (Bio-Rad  Laboratories,  Hercules, 
CA)  prior  blocking  overnight  at  4*C  in  5%  nonfat  dry  milk  solution  in  0.1% 
(w/v)  Tween  20  in  PBS.  The  membranes  were  probed  with  anti-human  anti¬ 
bodies  against  COX- 1  (1:1000),  COX-2  (1:1000),  5-LOX  (1:500),  12-LOX 
(1:100),  15-LOX-l  (1:2000)  and  15-LOX-2  (1:3000)  and  incubated  with 
peroxidase  conjugated  secondary  antibody  (1:5000)  Bands  were  visualized 
by  either  ECL21^  Western  Blotting  Detection  Kit  from  Amersham 
Bioscienccs  Corp.  (Piscataway,  NJ)  or  SupcrSignal®  West  Fcmto  Maximum 
Kit  from  Pierce  (Rockford,  IL)  before  exposure  to  Kodak  X-Omat  film 
(Eastman  Kodak  Co.,  Rochester,  NY).  Loading  and  transferring  control  was 
confirmed  by  probing  the  membranes  with  anti-p-actin  antibody  (1:1000). 

Determination  of  Eicosanoid  Levels  by  ESI-LC/MS/MS.  Electrospray 
ionization  liquid  chromatography  tandem  mass  spectrometry  (ESI-LC/MS/ 
MS)  was  performed  to  quantify  eicosanoids  as  described  previously.34  For 
determination  of  intracellular  eicosanoid  levels,  cells  were  harvested  by 
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Figura  1  (Left).  (A)  Endogenous  and  (B)  exogenous  produc¬ 
tion  of  PGEj,  5-HETE,  12-HETE,  15-HETE,  and  13-HODE  in 
pairs  of  UMSCC  cell  lines  derived  from  primary  ( suffix  A ) 
and  recurrent  or  metastatic  ( suffix  8)  tumors  of  the  same 
patient.  Cells  were  seeded  and  grown  in  5%  FBScontaining 
DMEM/Ham's  FI  2  for  3  days  prior  to  extraction  with  hexane: 
ethyl  acetate  (1:1)  and  analysis  by  ESI-LC/MS/MS  For 
exogenous  eicosanoid  levels,  culture  medium  of  three  repre¬ 
sentative  cell  lines  (UMSCC-14A,  UMSCC-17A/-17B)  were 
incubated  with  arachidonic  acid  (10  pM,  30  min)  prior  to 
collection,  extraction,  and  analysis  by  ESI-LC/MS/MS  as 
described  under  Materials  and  Methods. 

ESI-LC/MS/MS  was  performed  using  a  Quattro  Ultima 
tandem  mass  spectrometer  (Micromass,  Beverlv,  MA) 
equipped  with  an  Agilent  HP1100  binary  pump  HPLC 
inlet.  Metabolites  were  separated  using  a  Luna  3  pm  phenyl 
hexyl  2  x  150  mm  analytical  column  (Phenomcnex, 
Torrance,  CA).  The  mobile  phase  consisted  of  10  mM 
ammonium  acetate  (pH  8-5)  and  methanol.  The  flow  rate 
was  250  jal/min  with  a  column  temperature  maintained  at 
50"C  and  an  injection  volume  of  25  |ll.  Fragmentation  for 
all  compounds  was  performed  using  argon  as  the  collision 
gas  at  a  collision  cell  prcssurcof2.10  x  10'3Torr.Thc  results 
were  expressed  as  nanograms  of  each  eicosanoid  per  106 
cells.  To  normalize  data,  the  cell  number  was  measured  with 
an  electronic  particle  counter  (Coulter,  Hialeah,  FL). 
Results  shown  represent  mean  values  of  at  least  two  inde¬ 
pendent  experiments. 


trypsinization  and  resuspended  in  500  pi  PBS  followed  by  addition  of  20  pi 
of  I  N  citric  acid  and  2.5  pi  of  10%  BHT  to  prevent  free  radical  peroxida¬ 
tion.  Samples  were  spiked  with  a  mixture  of  deuterium-labeled  cicosanoids 
oi  interest  that  served  as  internal  standards  (PGE2-d4,  5-HETE-tL, 
12-HETE -dj,,  *  5-HETE -dg.  and  13-HODE-d4).  Eicosanoids  were  extracted 
with  2  ml  of  hexanerethyl  acetate  (v/v,  1:1)  and  vortex  mixed  prior  to 
centrifugation  at  1800  x  g  (or  10  min.  All  extraction  steps  were  performed 
under  conditions  of  minimal  light  and  4"C.  Samples  were  reconstituted  in 
200  pi  methanol:  10  mM  ammonium  acetate  buffer  (v/v,  70:30,  pH  8.5) 
prior  to  analysis  by  ESI-LC/MS/MS.  Eicosanoids  secreted  into  cell  culture 
medium  were  extracted  using  a  solid  phase  method.  Specifically,  an  aliquot 
of  10  pi  of  10%  BHT  and  10  pi  of  a  mixture  of  internal  standards 
(PGE2-d4,  5-HETE-d8,  12-HETE -d8,  15-HETE-d8,  and  13-HODE-d4) 
was  added  to  1  ml  of  culture  medium.  The  solution  was  applied  to  a  Sep-Pak 
v-  ‘ l3  cartridge  (Waters  Corp.,  Milford,  NLA)  that  had  been  preconditioned 
with  methanol  and  water.  Eicosanoids  were  eluted  with  1  ml  of  methanol 
and  evaporated  under  a  stream  of  nitrogen.  Samples  were  then  reconstituted 
in  100  pi  methanol:  10  mM  ammonium  acetate  buffer  (v/v,  70:30,  pH  8.5) 
prior  to  analysis.  For  determination  of  exogenous  eicosanoid  levels,  10  pM 
arachidonic  acid  was  added  prior  to  collection  of  media  and  cells  for  30  min. 


RESULTS 

Endogenous  and  Exogenous  Level  of  Eicosanoids  in  HNSCC  Cell 
Lines  Derived  from  Primary  and  Recurrent  or  Metastatic  Tumors.  To 
determine  whether  progression  of  HNSCC  from  primary  to  metastacic 
lesion  was  associated  with  alterations  in  their  eicosanoid  metabolism,  we 
analyzed  a  series  of  HNSCC  cell  lines  (Table  1)  for  their  endogenous  level 
of  various  arachidonic  acid  and  linoleic  acid  metabolites  using 
ESI-LC/MS/MS.  As  shown  in  Figure  1  A,  three  of  the  six  cell  lines  produced 
relatively  high  levels  of  PGE2  while  12-HETE  was  the  second  most  abun¬ 
dant  metabolite  in  UMSCC-  14A  cells.  In  two  of  three  pairs,  the  cell  lines 
which  were  derived  from  metastasis  maintained  considerably  higher  levels  of 
PGE,  than  cells  established  from  the  corresponding  primary  tumor.  The 
production  of  eicosanoids  other  than  PGE-,  was  found  to  be  low  in  all 
f.NSCC  cell  lines.  N-xt,  we  pruviucu  . ...  culture  medium  of  diree  represen¬ 
tative  cell  lines  with  exogenous  arachidonic  acid  (10  pM,  30  min)  in  order 
to  estimate  the  activity  of  COXs  and  LOXs  under  conditions  of  substrate 
abundance.  Figure  1 B  demonstrates  that  PGE2  was  the  major  metabolite  in 
UMSCC-14A  and  UMSCC-I7B  cells  reaching  levels  of  246  and  372  ng/106 
cells,  respectively.  That  indicates  an  approximately  8-  and  12-fold  increase 

Figure  2.  Expression  of  arachidonic  acid  and  linoleic  acid  metabolizing 
enzymes  in  HNSCC  cell  lines  established  from  primary  (suffix  A)  and  recurrent 
or  metastatic  (suffix  8)  tumors  of  the  same  patient  A  total  of  50  pg  of  protein 
per  sample  was  separated  using  8%  SDS-polyacrylamid  gel  electrophoresis 
and  transferred  onto  nitrocellulose  membranes  The  immunoblot  was  probed 
with  antibodies  specific  for  COX-1,  COX-2,  5-LOX,  12-lOX,  15-LOX-l,  and 
1  5-LOX-2.  P-acfin  was  used  os  loading  control.  COX-2  protein  was  overex¬ 
pressed  in  two  of  three  HNSCC  cell  lines  derived  from  metastatic  than  from 
primary  tumor  tissue,  whereas  COX-1  revealed  low  levels  with  similar  inten¬ 
sities  for  each  pair  of  cell  lines.  5-LOX  was  universally  detected  in  all 
UMSCC  cell  lines.  Likewise  for  1 2-LOX  but  one  of  the  cell  lines,  UMSGC-22A, 
exhibited  less  protein.  For  15-LOX-l  staining,  HNSCC  cell  lines  established 
from  primary  lesions  expressed  the  protein  more  profoundly  (UMSCC-14A, 
UMSCC- 17A)  or  similarly  (UMSCC-22A/22B)  than  those  derived  from  metasta¬ 
tic  or  recurrent  tumor.  15-IOX-2  expression  was  high  in  UMSCC-17A/-17B 
cells,  low  in  UMSCC-22A,  and  absent  in  UMSCC- I4A/-  14B  cells 
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Figure  3  Concentration-dependent  effect  of  celecoxib  on  endogenous 
production  of  PGE2,  5-HETE,  I2-HETE,  1  5-HETE,  and  1  3-HOOE  in  UMSCC- 
1  4A  (A]  and  UM5CC-I4B  cells  (B).  Cell  cultures  were  treated  with  different 
concentrations  of  celecoxib  for  72  hours  before  extraction  of  eicosanoids 
with  hexane. ethyl  acetate  (1:1)  and  analysis  by  ESI-LC/MS/MS.  Data 
presented  are  the  mean  ±  SO  of  two  separate  experiments 

compared  with  their  endogenous  production  of  30  and  32  ng/ 1 0*  cells, 
respectively.  However,  the  biosynthesis  of  other  metabolites  remained  at  low 
levels  in  spite  of  exogenous  availability  of  arachidonic  acid.  UMSCC-17A 
cells  failed  to  generate  detectable  levels  of  any  eicosanoids  examined. 

Expression  of  Arachidonic  Acid-  and  Linolcic  Acid- Metabolizing 
Enzymes  in  HNSCC  Ceil  Lines.  Next  we  asked,  whether  the  predominance 
of  PGEj  among  other  metabolites  resulted  in  the  preferential  expression  of 
L.OXs  in  HNSCC  cells.  To  address  this  question,  we  investigated  the 
constitutive  levels  of  COX-1  and  COX-2  including  other  cicosanoid-gcncr- 

ating  enzymes  such  as  5-LOX,  12-LOX  15-LOX-l,  and  1 5-LOX-2  by  west¬ 
ern  immunoblotting.  As  shown  in  Figure  2,  COX-1  was  weakly  expressed  in 
UMSCC-14A/-14B  and  UMSCC-17A/-17B  cells  but  had  a  higher  level  of 
expression  in  UMSCC-22A/-22B  cells.  Immunoreactive  bands  for  COX- 1 
revealed  similar  intensities  for  each  pair  of  cell  line.  In  contrast,  COX-2  was 
differentially  regulated  in  HNSCC  cell  lines  derived  from  primary  or 
metastatic  tumor  with  a  higher  expression  in  two  of  three  pairs  in  the  latter. 
We  found  that  5-LOX  protein  was  expressed  in  all  cell  lines  as  well  as 
'  --LOX  except  for  UMSCC-22A  cells,  which  exhibited  less  protein. 
Incubation  of  the  same  membrane  with  anti-15-LOX-l  demonstrated  that 
HNSCC  cell  lines  established  from  primary  lesions  exprf-**i-d  bmdr  ivirF 
higher  ana  in  case  of  UM5CC-22A/22B  cells,  similar  intensities  than  those 
derived  from  mctastascs.  15-LOX-2  expression  was  high  in  UMSCC-1 7A/ 
-17B.  low  in  UMSCC-22A,  and  absent  in  UMSCC-14A/14B  or  UMSCC- 
22  B  cells. 

Effect  of  Celecoxib  on  Eicosanoid  Levels  in  UMSCC-14A  and  -14B 
Cells.  Because  I*G£2  levels  correlated  with  COX-2  protein  expression  in 
HNSCC  cells,  we  examined  the  effect  of  the  selective  COX-2  inhibitor, 
celecoxib,  on  endogenous  production  of  eicosanoids  in  UMSCC-1 4A/  and 
-14B  cells  by  ESI-LC/MS/MS.  Data  in  Figure  3A  indicate  that  the  produc¬ 
tion  of  f’GE,.  the  major  metabolite  generated  by  COX-2,  was  markedly 
inhibited  by  89%  (from  25.9  to  2.9  ng/IOb  cells)  with  as  little  as  0.1  pM 
celecoxib  after  a  3-day  treatment  of  UMSCC-14A  cells.  No  further  reduc¬ 
tion  was  observed  after  treatment  with  higher  doses  of  celecoxib.  The  results 
further  demonstrate  that  celecoxib  at  concentrations  up  to  50  pM  exerted 
only  minor  effects  on  the  production  of  5-HETE,  1 5-HETE,  and 
13-HODE  in  UMSCC-14A  cells.  However,  the  synthesis  of  12-HETE 
increased  from  14.3  to  31.6  ng/10®  cells  after  treatment  with  50  pM  celecoxib. 
No  effects  on  PGE,  production  and  other  eicosanoid  metabolites  were 
detected  in  celecoxib  treated  UMSCC-14B  cells  (Fig.  3B).  These  cells  pro¬ 
duced  relatively  little  PGE,  (0.9  ng/106  cells)  and  lacked  COX-2  expression. 
However,  the  cells  displayed  a  considerable  amount  of  5-LOX  and  1 2-LOX 
enzymes  estimated  by  immunoblotting  (Fig.  2). 


Figure  4.  Time-dependent  effect  of  celecoxib  (1  pM)  on  endogenous 
eicosanoid  level  in  UMSCC-14A  cells.  Cells  wete  seeded  and  grown  in  5% 
FBS-containing  DMEM/Ham's  FI 2  medium  prior  to  extraction  with  hexane: 
ethyl  acetate  (1:1)  and  analysis  by  ESI-IC/MS/MS  described  under 
Materials  and  Methods. 

The  suppression  of  PGE2  in  UMSCC-14A  cells  was  observed  as  early  as 
3  hours  after  exposure  to  1  pM  celecoxib  (Fig.  4).  In  contrast,  the  production 
of  LOX-dcrived  metabolites  5-HETE,  12-HETE,  and  1 5-HETE  increased 
from  0.23,  8.5,  and  9.3  to  8.9,  38.2,  and  27.3  ng/10**  cells,  respectively. 
These  effects  occurred  within  6  hours  followed  by  a  subsequent  decline  to 
baseline  levels  after  24  hours  of  celecoxib  treatment.  The  low  synthesis  of 
13-HODE  (2.22  ng/10®  cells)  in  LIMSCC-14A  cells  did  not  change. 
Rather,  it  decreased  to  undetectable  levels  after  12  hours  of  incubation  with 
celecoxib. 

Effect  of  Celecoxib  on  Growth  of  Various  HNSCC  Cell  Lines.  The 
ability  of  celecoxib  to  suppress  PGEj  raised  the  question  whether  these  effects 
were  associated  with  growth  inhibition  in  HNSCC  cell  lines.  We  examined 
celecoxib  concentrations  causing  50%  growth  inhibition  (1C50  values) 
obtained  from  concentration-response  curves  after  72  hours  of  incubation 
and  compared  those  with  constitutive  COX  expression.  Celecoxib  inhibited 
growth  of  HNSCC  cell  lines  in  a  concentration-dependent  manner  between 
25  and  75  pM  (Fig.  5A).  The  ICj0  values  ranged  from  33  to  62  pM  celecoxib 
(Fie.  5B).  The  level  of  COX:2  expression  revealed  no  correlation  with  the 
relative  sensitivity  of  HNScv-  ceil  lines  to  ceJecuxib  (Fig.  5C).  in  fact,  cell 
lines  that  expressed  COX-2  (UMSCC-1 1A/1  IB,  UMSCC-I4A,  UMSCC- 
17B,  UMSCC-22B)  were  as  sensitive  as  cell  lines  with  low  or  undetectable 
COX-2  protein  levels  (UMSCC-14B,  UMSCC-1 7A,  UMSCC-22A). 
Likewise,  no  direct  correlation  between  COX-1  and  the  growth-inhibitory 
effects  of  celecoxib  in  HNSCC  cell  lines  was  observed  (Fig.  5C). 

DISCUSSION 

Eicosanoid  metabolism  leads  to  generation  of  bioactive  lipids 
known  to  promote  cancer.2'9  Metabolites  of  both,  COX  and  LOX 
pathways,  have  been  found  to  be  elevated  in  tumor  tissues,  plasma 
and  saliva  obtained  from  patients  with  HN  cancer.5,15'19  23  In  addi¬ 
tion,  altered  expression  of  various  enzymes  and  genes  related  to 
arachidonic  acid  metabolism  are  known  to  contribute  to  squamous 
cell  carcinogenesis.4,7'8 

In  this  study,  we  used  an  in  vitro  model  consisting  of  paired  SCC 
cell  lines  derived  from  primary  and  recurrent  or  metastatic  HN 
tumors  to  investigate  the  production  of  various  metabolites  of 
arachidonic  acid  and  linoleic  acid  pathways  by  ESI-LC/MS/MS.  We 
found  that  PGEj  was  the  most  abundant  metabolite  in  three  of  six 
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Figure  5.  Effect  of  the  selective  COX-2  inhibitor  celecoxib  on  growth  inhibition 
of  HNSCC  cell  lines  derived  from  primory  (suffix  A)  ond  recurrent  or 
metastatic  (suffix  8]  tumors  of  the  same  patient.  Cells  were  seeded  into 
96-well  culture  plates  and  allowed  to  adhere  overnight  before  treated  with 
celecoxib  at  different  concentrations.  Changes  in  cell  survival  as  a  function 
of  the  dose  of  celecoxib  was  determined  by  MTT  assay  after  72  hours  of 
incubation  (A).  Concentrations  required  for  the  determination  of  IC50  values 
of  celecoxib  were  obtained  by  interpolation  of  dose-response  curves  (B) . 
Results  represent  mean  ±  SO  of  quadruplicate  measurements  of  three 
independent  experiments.  Inhibitory  effects  of  celecoxib  on  cell  growth  were 
independent  of  neither  constitutive  COX-2  nor  COX- 1  expression  in  different 
HNSCC  cell  lines  analyzed  by  western  blotting.  (J-actin  served  as  loading 
control  (C). 


HNSCC  cell  lines.  Interestingly,  two  of  the  three  were  established 
from  metastases.  Other  eicosanoid  metabolites  ic  g  i  2-J-ih.l  ii, 
15-HETE)  were  identified  in  UMSCC-MA  cells  but  were  produced 
at  very  low  levels  in  all  HNSCC  cell  lines  examined.  Subsequent 
western  blot  analysis  of  a  battery  of  arachidonic  acid-  and  linoleic 
acid-metabolizing  enzymes  has  indicated  that  multiple  proteins  in 
addition  to  COX-1  and  COX-2  were  expressed.  However,  with  the 
exception  of  PGE2,  that  correlated  with  COX-2  levels,  other 
metabolites  produced  by  HNSCC  cells  showed  no  correlation  with 
the  expression  of  their  corresponding  enzymes.  The  obtained  lack  of 
correlation  was  not  due  to  a  limited  amount  ol  endogenous  arachi¬ 
donic  acid  as  indicated  by  the  findings  that  addition  of  arachidonic 
acid  to  the  culture  medium  resulted  in  an  approximately  10-fold 
increase  of  PGE,  only  in  COX-2  positive  HNSCC  cell  lines  but 
failed  to  enhance  the  production  of  ocher  eicosanoids  despite  the 
presence  of  cheir  metabolizing  enzymes.  Thus,  the  activities  of 
eicosanoid-generating  enzymes,  wich  the  exception  of  COXs,  were 
impaired  in  HNSCC  cell  lines  examined  for  unknown  reason(s). 
Plausible  explanations  are  that  particular  enzymes  might  be  mutated 
or  localized  in  intracellular  sites  that  are  distinct  from  the  site  of 
their  specific  substrates.  For  example,  the  activities  of  1 5-LOX- 1  and 
5-LOX  have  been  found  to  be  dependent  on  che  localization  of  chcse 


enzymes  in  the  cytoplasm,  nucleoplasm,  and  intracellular  biomem¬ 
branes.  respectively.35  36  Moreover,  COX-2  enzyme  was  detected  in 
HT-29  colorectal  cancer  cells  by  western  blotting  yet  these  cells  were 
unable  to  convert  arachidonic  acid  to  prostaglandins.37  Interestingly, 
the  COX-2  cloned  from  HT-29  cells  was  catalytically  active  when 
transfected  into  HCT-1 16  cancer  cells.  The  authors  suggested  that  a 
putative  endogenous  inhibitor  of  COX-2  may  be  present  or  con¬ 
versely,  a  cofactor  is  missing  that  is  necessary  for  COX-2  activity  in 
HT-29  cells.  However,  our  data  on  paired  HNSCC  cell  lines  revealed 
a  good  correlation  between  COX-2  expression  and  COX-2  activity 
measured  as  PGE2  production.  Here,  we  show  a  discrepancy 
between  protein  levels  and  enzymatic  activities  of  a  large  number  of 
eicosanoid-generating  enzymes  other  than  COXs. 

1  he  fact  that  PGE2  synthesis  correlated  with  the  expression  levels 
of  COX-2  has  led  us  to  investigate  the  effects  of  the  selective  COX-2 
inhibitor,  celecoxib,  on  eicosanoid  metabolism  and  growth  of 
HNSCC  cells.  Here,  we  demonstrate  for  the  first  time,  that  inhibition 
of  the  COX  pathway  by  celecoxib  resulted  in  a  time-dependent 
activation  of  the  LOX  pathway.  Specifically,  the  production  of  mul¬ 
tiple  LOX-metabolites,  e.g.,  5-HETE,  12-HETE,  and  15-HETE, 
increased  as  the  PGEj  level  declined  in  UMSCC-14A  cells  treated 
with  celecoxib  at  1  |iM,  a  concentration  that  is  easily  achieved  in 
patients.  The  increase  of  various  LOX  metabolites  may  be  considered 
as  a  cellular  response  to  the  profound  decline  of  PGE2  levels.  Our 
results  further  indicate  that  inhibition  of  HNSCC  cell  growth  by 
celecoxib  was  not  closely  related  to  the  expression  of  COX-2. 
Comparable  IC50  values  were  observed  in  all  HNSCC  cell  lines 
regardless  of  their  COX-2  status.  Furthermore,  celecoxib  was  effective 
in  decreasing  PGE2  levels  at  concentrations  that  showed  no  effect  on 
cell  growth.  This  suggests  that  the  growth  inhibitory  activity  of  cele¬ 
coxib  was  at  least  partially  independent  of  the  suppression  of  PGEj 
synthesis.  PGs  arc  important  regulators  of  cellular  proliferation 
known  to  promote  tumorigenesis  and  suppress  immune  response  in 
vivo.9  The  prognostic  significance  of  elevated  PGEj  levels  in  SCC  is 
not  entirely  known.  While  increased  levels  have  been  detected  in 
carcinomas,  the  cellular  origin  of  PGE2  in  fresh  tumor  biopsies  is 
difficult  to  determine  due  to  the  fact  that  the  majority  of  PGE2 
derives  from  inflammatory  cells  participating  in  tumor-directed 
immune  response.1516  The  functional  relevance  of  COX-2  derived 
rs>c2on  HNSCi  — i  gTiv/m  nos  neen  supported  by  observations 
that  exogenous  PGE2  was  able  to  abrogate  the  antiproliferative 
effeccs  of  selective  COX-2  inhibitors. I7'30'38  In  addition,  PGE.,  levels 
were  significantly  higher  in  COX-2  expressing  compared  to  nonex¬ 
pressing  oral  cancer  cell  lines  associated  with  inhibition  of  proliferation 
and  induction  of  apoptosis  after  treatment  with  selective  COX-2 
inhibitors.21  However,  a  controversy  has  been  raised  by  reports  that 
COX-2  inhibitors  may  act  independently  of  inhibition  of  PG  syn¬ 
thesis.’ I,I3I^'3°'31  Our  data  show  that  much  higher  concentrations 
of  celecoxib  are  needed  to  suppress  cell  growth  in  vitro  than  those 
achievable  in  humans.  On  the  other  hand,  concentrations  required 
for  the  inhibition  ol  PGE2  synthesis  in  vitro  are  clinically  attainable. 
The  precise  mechanisms  by  which  celecoxib  suppresses  tumor 
growth  has  not  been  fully  defined.  It  is  more  likely  to  be  related  to 
suppression  of  PGE2  synthesis  than  to  direct  inhibition  of  tumor  cell 
growth.  For  example,  suppression  of  COX-2  derived  PGE2  decreased 
microvesscl  density  and  inhibited  mammary  tumor  progression.39 
Besides,  a  study  using  a  mouse  model  of  oral  cancer  has  shown  that 
celecoxib  significantly  delayed  cell  growth,  reduced  tumor  volume 
and  exerted  antiangiogenic  activity.27  Nonetheless,  accumulating 
evidence  suggest  that  COX-2  independent  molecular  targets  may 
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contribute  to  the  antitumoral  effects  of  NSAIDs  including 
15-LOX-l,13  15-LOX-2,14  arachidonic  acid,40  NF-kB,28  and 
PPARy  - '  The  expression  of  COX-2,  classified  as  immediate-early 
response  gene,  is  well  known  to  be  uprcgulated  in  response  to  patho¬ 
logical  processes  such  as  inflammation  and  cancer.2,0  In  contrast, 
COX-1  has  been  found  in  both  normal  and  malignant  cells. 
Recently,  it  has  been  reported  that  COX-1  can  also  be  induced  in 
human  esophageal  SCC  by  a  variety  of  proinflammatory  stimuli  and 
its  expression  under  neoplastic  conditions  seems  related  to  cellular 
differentiation.8  We  included  the  expression  levels  of  COX-1  in  our 
study  due  to  the  fact  that  PGE2  is  synthesized  from  arachidonic  acid 
bv  both  isoenzymes.  Similarly,  we  found  no  correlation  between 
COX-1  status  and  the  antiproliferative  activity  of  celecoxib.  The 
levels  of  LOX  products,  namely  5-HETE,  12-HETE,  and  15-HETE 
have  been  reported  to  be  elevated  in  HN  cancer  patients.5,23 
Moreover,  inhibition  of  arachidonic  acid  metabolism,  particularly 
the  LOX  pathway,  exerted  ancitumor  efFccts  postulating  a  role  for 
LOX  metabolites  in  HN  tumorigcncsis.11  Our  data  indicate  an 
increase  of  12-HETE  after  3  days  of  incubation  with  celecoxib  at  a 
concentration  above  the  estimated  ICJ0  value.  12-HETE  is  the  only 
metabolite  of  the  arachidonic  acid-metabolizing  enzyme  12-LOX 
suggested  to  act  as  regulator  of  tumor  growth  and  motility.2 
However,  the  role  of  12-HETE  in  SCC  of  the  HN  has  not  been 
adequately  investigated. 

In  conclusion,  our  study  demonstrates  that  western  blot  analysis 
of  enzymes  related  to  the  arachidonic  acid  and  linoleic  acid  cascade 
is  insufficient  for  assessment  of  the  eicosanoid  metabolism. 
Therefore,  ESI-LC/MS/MS  analysis  or  comparable  analytical  methods 
are  warranted  for  a  more  reliable  evaluation.  In  addition,  we  have 
shown  that  suppressing  PGEj  levels  by  celecoxib  leads  to  an 
enhanced  activity  of  5-LOX,  12-LOX  and  15-LOX-2  as  indicated 
by  the  increases  of  their  products  5-HETE,  12-HETE  and 
1 5-HETE.  Whereas  suppression  of  PGEn  was  persistent,  the 
increase  in  LOX  metabolites  appeared  to  be  transient.  Nevertheless, 
the  dynamic  transition  between  COX  and  LOX  pathways  may  play 
a  role  in  the  cellular  response  to  celecoxib  in  vivo  and  raises  the  need 
to  consider  targeting  both  enzymatic  pathways  by  using  COX  in 
combination  with  LOX  inhibitors. 
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Abstract 

In  vivo  phage  display  is  a  screening  method  in  which  peptides  homing  to  specific 
vascular  beds  are  selected  after  intravenous  administration  of  a  random  peptide  library 
(1).  This  strategy  has  revealed  a  vascular  address  system  that  allows  tissue-specific 
targeting  of  normal  blood  vessels  (2,3)  and  angiogenesis-related  targeting  of  tumor  blood 
vessels  (4-10)  by  selected  peptides.  Many  vascular  receptors  or  “addresses”  targeted  by 
homing  peptides  have  been  identified  (1-3).  One  such  vascular  receptor  of  normal  lung 
endothelium  is  membrane  dipeptidase  (MDP),  which  was  found  by  in  vivo  phage  display 
to  bind  the  tripeptide  motif  Gly-Phe-Glu  (GFE)  (11).  Our  studies  with  GFE  peptide  and 
lung  vasculature  suggest  that  MDP  mediates  cancer  cell  adhesion  to  lung  vasculature  and 
development  of  lung  metastases  but  that  MDP  is  not  present  in  vasculature  of  lung 
metastases.  MDP  appears  to  occupy  a  vascular  distribution  similar  to  the  pulmonary 
artery  circulation.  These  results  demonstrate  the  promise  of  defining  critical  functional 
and  anatomic  characteristics  of  endothelial  cells  in  lung  and  other  organs  by  in  vivo  phage 
display. 


IN  VIVO  PHAGE  DISPLAY 

Efforts  to  target  therapeutics  and  imaging  agents  to  blood  vessels  in  an  organ-  specific  or 
disease-specific  manner  has  led  to  the  development  of  a  technique  by  which  small 
peptides  that  target  receptors  on  endothelial  cells  can  be  identified  (1-3).  This  approach, 
using  large  random  peptide  libraries  displayed  on  the  surface  of  bacteriophage,  has  been 
termed  ‘in  vivo  phage  display’.  A  random  peptide  phage  library  is  injected 
intravenously,  and  peptides  that  home  selectively  to  specific  organs  or  tumors  are  then 
recovered.  Putative  human  homologs  have  been  identified  from  ligands  and  receptors 
isolated  by  this  approach  in  mouse  models  suggesting  that  at  least  some  ligand  peptide 
motifs  and  their  corresponding  receptors  may  be  evolutionarily  conserved  and  pertinent 
in  humans  (12).  In  vivo  phage  display  is  uncovering  a  vascular  address  system  that  can 
be  used  for  organ-specific  targeting  of  normal  blood  vessels  and  angiogenesis-related 
targeting  of  blood  vessels  in  tumors  (4-10).  Methods  are  also  being  developed  for 
determining  the  in  vivo  distribution  of  probes  targeted  to  the  vasculature  (2,3),  and  their 
organ-specificity,  vessel-specificity  and  cellular  targets.  As  the  complexity  of  vascular 
diversity  is  further  revealed,  in  vivo  phage  display  will  target  particular  regions  of  organs, 
such  as  pancreatic  islets  or  the  glomeruli  of  the  kidney  (13),  and  eventually  identity 
receptor  ligand  pairs  for  functionally  distinct  vessels  within  these  regions. 

MDP  AND  ITS  LIGAND  GFE  IN  LUNG  VASCULATURE 

MDP  was  biochemically  identified  as  a  vascular  receptor  for  lung-homing  peptides 
containing  the  tripeptide  motif  Gly-Phe-Glu  (GFE)  selected  by  in  vivo  phage  display 
(2,1 1 )  and  appears  to  be  a  vascular  receptor  that  binds  to  and  mediates  GFE  homing  to 
normal  lung  endothelium  .  MDP  is  a  member  of  the  zinc-metal lo protease  family  and  a 
GP-anchored  cell  surface  protein  expressed  primarily  in  lung  and  kidney  (14).  In  rat  and 
mouse,  levels  of  MDP  activity  are  highest  in  lung  (14,  1 5).  MDP  is  involved  in  the 
metabolism  of  glutathione  and  cysteinyl  leukotrienes  (14,  16)  and  it  is  the  only  known 
mammalian  enzyme  capable  of  degrading  (3-lactam  antibiotics  (14).  The  work  presented 


here  describes  the  expression  and  functional  role  of  MDP  in  the  dual  circulation  of  the 
lung  and  in  the  context  of  vasculature  of  pulmonary  metastases. 

ROLE  OF  MDP  IN  EXPERIMENTAL  MELANOMA  LUNG  METASTASES 
To  determine  whether  the  lung  vascular  receptor  MDP  mediates  the  homing  of  tumor 
cells  and  subsequent  development  of  experimental  pulmonary  metastases  in  mice,  we 
used  the  C8161  human  melanoma  cell  model  of  experimental  lung  metastases  (17,  18). 
C8161  cells  were  co-administered  intravenously  with  either  the  GFE-containing  peptide 
(a  ligand  targeting  MDP;  refs.  2,1 1)  or  a  negative  control  peptide  (Fig.  1).  The  median 
weight  of  lungs  from  mice  that  received  GFE  peptide  was  only  12%  greater  than  that  of 
normal  lungs  whereas  the  median  weight  of  lungs  from  mice  that  received  control  peptide 
or  no  peptide  (vehicle  alone)  was  88%  greater  than  that  of  normal  lungs  (t-test,  p<0.01). 
Consistent  with  these  findings,  histological  examination  showed  many  fewer  and  smaller 
metastatic  foci  in  mice  treated  with  GFE.  Moreover,  GFE  did  not  affect  cell  viability,  as 
demonstrated  by  Trypan  Blue  exclusion  and  MTT  assays  on  aliquots  of  melanoma  cells 
prepared  for  injection  into  mice;  cell  viability  was  higher  than  95%  (results  not  shown). 
These  results  suggest  that  the  tripeptide  GFE  binds  to  MDP  and  blocks  the  vascular 
homing  of  metastatic  melanoma  cells  via  this  receptor. 

BRONCHIAL  VS.  PULMONARY  ARTERY  PERFUSION  OF  METASTASES 

Photomicroscopy  of  lung  metastases  in  the  C8161  model  demonstrated  that  the  earliest 
visible  lung  metastases  grew  preferentially  in  close  proximity  to  bronchioles  (Fig.  2). 
These  observations  led  to  the  hypothesis  that  these  metastatic  tumors  were  preferentially 
recruiting  angiogenic  blood  vessels  from  the  bronchial  versus  pulmonary  artery 
circulations.  To  test  this  hypothesis,  we  used  a  rat  fibrosarcoma  (RFS)  lung  metastasis 
model  (19)  and  isolated  rat  lung  perfusion  model  (20).  After  surgically  isolating  the  left 
pulmonary  artery  circulation  of  rats  under  general  anesthesia,  Evans  blue  (with  red 
fluorescence)  was  perfused;  the  remaining  systemic  circulation  was  perfused  with  FITC- 
dextran  via  left  ventricular  injection.  Rats  were  sacrificed  after  a  2  minute  circulation 
time,  and  lung  tissue  was  processed  according  to  the  method  of  Li,  et  al  (21).  Indeed,  we 
found  that  microscopic  lung  metastases  of  rat  fibrosarcoma  cells  recruited  tumor  blood 
vessels  preferentially  from  the  bronchial  vasculature,  at  least  in  early  stages  of  growth 
(Fig.  3).  This  was  a  surprising  result  since  intravenously  inoculated  cancer  cells  pass 
through  the  pulmonary  artery  circulation  first  and  would  have  a  greater  chance  to  deposit 
in  the  lung  near  pulmonary  arteriolar  capillaries  than  around  the  bronchial  circulation. 


DISTRIBUTION  OF  MDP  IN  C8161  METASTASES  TO  THE  LUNG 

Finally,  we  analyzed  the  distribution  of  GFE  binding  to  lung  vasculature  to  evaluate 
whether  MDP  is  expressed  in  the  angiogenic  vasculature  of  lung  metastases  because  the 
expression  of  MDP  in  the  lung  endothelium  closely  recapitulates  the  distribution  of  GFE- 
displaying  phage  (2,  1 1).  Either  GFE-displaying  phage  or  control  insertless  phage  were 
injected  intravenously  into  mice  bearing  C8161  lung  metastases  and  examined  for  their 
ability  to  home  to  tumor  vasculature.  Strong  phage  immunoreactivity  was  observed  in 
normal  lung  tissue,  but  the  lung  metastases  were  clearly  negative  (Fig.  4).  Failure  of 


GFE-displaying  phage  to  accumulate  in  tumor  blood  vessels  indicates  that  its  homing 
receptor,  MDP,  is  not  expressed  in  these  blood  vessels. 


CONCLUSIONS 

The  molecular  differences  based  on  heterogeneous  expression  of  MDP  in  lung  and  lung 
tumors  could  be  explained  by  tumors  differentially  recruiting  the  dual  blood  circulations 
of  the  lung.  Based  on  our  perfusion  experiments,  we  conclude  that  early  lung  metastases 
derive  their  blood  supply  primarily  from  the  bronchial  artery  circulation.  In  contrast, 
based  on  the  pattern  of  GFE-displaying  phage  binding  in  alveolar  capillaries  and 
pulmonary  arterioles,  it  appears  that  MDP  is  selectively  expressed  in  pulmonary  artery 
vasculature. 

The  patterns  and  function  of  MDP  based  on  the  results  presented  here  imply  that  normal 
organ  vascular  receptors  are  still  not  necessarily  valid  targets  for  imaging  or  treating 
tumors  in  those  organs.  Previous  studies  have  identified  vascular  receptors  that  can  be 
used  to  deliver  therapeutic  agents  to  cancers  originating  in  host  organs  (4  -10)  or  to 
normal  organs  (22-  24).  MDP  likely  cannot  be  utilized  in  this  manner  since  it  appears  to 
be  absent  in  the  vasculature  of  lung  metastases.  Even  if  MDP  were  present  in  lung  tumor 
vasculature,  it  would  not  be  an  optimal  target  for  delivering  drugs  to  lung  tumors:  unlike 
prostate  and  breast,  lung  is  an  essential  organ  for  survival  and  the  risk  of  collateral 
damage  to  normal  lung  vasculature  may  be  unacceptable.  On  the  other  hand,  the  delivery 
of  radioprotective  agents  to  the  lungs  would  remain  an  open  possibility. 

Taken  together,  these  data  illustrate  the  diversity  and  functional  relevance  of  a  vascular 
receptor  in  the  lung  vasculature.  Novel  anti-metastatic  strategies  may  emerge  from 
interfering  with  tumor  cell  attachment  to  MDP  and/or  mechanisms  underlying 
angiogenesis  in  lung  cancer. 
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FIGURE  LEGENDS 


Fig.  1.  The  GFE  lung  homing  peptide  inhibits  experimental  metastasis  of 
intravenously  administered  C8161  melanoma.  Tumor  cells  were  pre-incubated  for  10 
minutes  with  GFE  or  a  control  peptide,  as  indicated,  and  then  injected  in  the  tail  vein 

(106  cells/mouse,  10  mice  per  group).  Lung  weights  are  shown  for  three  experimental 
groups.  Average  normal  lung  weight  (0.175  g)  is  marked  with  a  line.  Relative  to  the 
vehicle  (DMEM)  and  control  peptide  groups,  p  values  were  less  than  0.01 .  Shown  is  one 
of  5  experiments,  in  which  similar  results  were  obtained. 


Fig.  2.  Lung  tumor  foci  develop  preferentially  around  the  bronchia.  Trichrome 
stained  sections  of  mouse  lungs  with  C8161  metastases  demonstrate  that  early  tumors  are 
found  centered  around  bronchioles  (arrows  indicate  lumens  with  blue-green  borders, 
indicating  collagen  within  the  bronchial  walls).  Tumors  secondarily  also  envelop 
pulmonary  arteries  that  accompany  the  bronchioles.  Normal  lung  is  shown  in  B,  for 
comparison. 

Fig.  3.  Tumor  vasculature  is  preferentially  recruited  from  the  bronchial  circulation. 

A.  FITC-dextran  was  perfused  into  the  left  ventricle  and  Evans  blue  into  the  isolated  left 
pulmonary  artery  of  anesthetized  rats.  B.  A  photograph  of  the  operative  field 
demonstrates  left  lung  (LL),  right  lung  (RL),  pulmonary  artery  catheter  (PA),  clamps 
placed  on  both  pulmonary  veins  (PV),  the  left  ventricle  of  the  heart  (H),  and  the 
ascending  aorta  (AA).  C.  High-power  views  of  the  earliest  detectable  microscopic 
tumor  nodules,  the  largest  of  which  at  far  right,  appears  to  have  central  necrosis  with  only 
punctate  peripheral  perfusion. 

Fig.  4.  GFE  does  not  bind  to  the  vasculature  within  lung  tumors.  Lungs  were  harvested 
from  mice  bearing  C8161  metastases  after  the  animals  had  been  injected  with  phage 
displaying  the  GFE  peptide.  Tissue  sections  were  immunostained  with  an  anti-M13  antibody 
to  detect  phage  particles.  In  A,  brown  peroxidase  staining  indicates  phage  are  distributed 
throughout  the  lung  vasculature  (arrows).  Phage  staining,  however,  is  absent  in  tumor  (T) 
vasculature.  As  a  negative  control  for  the  staining,  a  serial  tissue  section  obtained  from  the 
GFE-injected  mouse  lung  was  processed  with  the  secondary  antibody  alone,  B;  and  control 
tissues  are  shown  in  C  (skin)  and  D  (brain). 
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I 


Abstract 

Background :  This  study  was  designed  to  investigate  the  potential  of  SCH66336  as  an 
antiangiogenic  agent  and  to  examine  the  mechanisms  of  action  of  FTIs  in  aerodigestive  tract 
cancer  cells,  including  non-small  cell  lung  cancer  (NSCLC)  and  head  and  neck  squamous  cell 
carcinoma  (HNSCC)  cells.  Methods:  The  antiangiogenic  activities  of  SCH66336  were  examined 
by  in  vitro  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT),  tube  formation, 
ex  vivo  chick  aorta,  and  in  vivo  Matrigel  plug  assays,  and  reverse-transcriptase  PCR  and  western 
blot  analyses.  The  specific  roles  of  the  ubiquitin-mediated  proteasome  machinery,  MAPK  and 
Akt  pathways,  and  Hsp90  in  SCH66336-mediated  HIF-la  regulation  were  assessed  by  the  use  of 
ubiquitin  inhibitors,  and  adenoviral  vectors  that  express  constitutively  active  MEK1, 
constitutively  active  Akt,  or  Hsp90.  Results:  FTI  SCH66336  yielded  antiangiogenic  activities 
and  decreased  VEGF  and  HIF-la  expression  in  hypoxic,  normoxic  insulin  growth  factor  l(IGF)- 
stimulated,  as  well  as  unsimulated  aerodigestive  tract  cancer  and  endothelial  cells.  SCH66336 
reduced  the  halt-life  of  the  HIF-la  protein,  and  ubiquitin  inhibitors  protected  the  hypoxia-  or 
IGF-stimulated  HIF-la  protein  from  SCH66336-mediated  degradation.  The  SCH66336 
inhibited  the  interaction  between  HIF-la  and  Hsp90,  and  overexpression  of  Hsp90,  but  not 
constitutive  Akt  or  constitutive  MEK,  restored  HIF-la  expression  in  IGF-stimulated  or  hypoxic 
cells,  but  not  in  unstimulated  cells,  that  were  pretreated  with  SCH66336.  Conclusions:  FTI 
SCH66336  inhibits  angiogenic  activities  of  NSCLC  and  HNSCC  cells  partly  by  inhibiting 
hypoxia-  or  IGF-stimulated  HIF-la  and  thus  VEGF  production  via  blocking  the  interaction  HIF- 
la  and  Hsp90  and  inducing  proteasomal  degradation  of  HIF-la.  These  findings  provide  the 
rationale  tor  clinical  application  of  FTIs  for  antiangiogenic  treatment  targeting  HIF-la  in 
aerodigestive  tract  cancers. 

Introduction 

Despite  recent  advances  in  therapeutic  approaches,  the  survival  rate  of  patients 
with  aerodigestive  tract  cancer  has  not  improved  substantially  (1).  Conventional 
treatments  have  targeted  tumor  cells  alone,  but  a  majority  of  patients  with  aerodigestive 
tract  cancer  die  of  metastatic  disease,  even  after  complete  resection  of  the  primary  tumor 
(2).  Generation  of  blood  vessels  (i.e.,  angiogenesis)  has  a  critical  role  in  malignant  solid 
tumor  growth  and  subsequent  metastasis  to  other  organs  throughout  the  body  (3), 
suggesting  that  a  promising  therapeutic  approach  for  aerodigestive  tract  cancer  could  be 
targeting  the  mechanisms  stimulating  tumor  angiogenesis. 

Among  a  variety  of  proteins  that  have  been  identified  as  potential  targets  of 
antiangiogenesis  therapy,  one  of  the  key  mediators  is  vascular  endothelial  cell  growth 
factor  (VEGF).  VEGF  is  expressed  by  activated  endothelial  cells  and  promotes  the 
proliferation,  survival,  and  migration  of  endothelial  cells,  and  thus  is  essential  for  blood 
vessel  formation  (4).  More  importantly  for  tumor  angiogenesis,  VEGF  expression  and 
secretion  are  stimulated  in  tumor  cells  by  activation  of  Ras  (5)  and  the 
phosphatidylinositol  3-kinase  (PI3K)/Akt  pathway  (6,7).  The  major  physiological 
stimulus  for  VEGF  expression  is  hypoxia,  resulting  in  transcriptional  induction  of  the 
VEGF  gene  by  hypoxia-inducible  factor  1  (HIF-1),  a  heterodimeric  transcription  factor 
composed  ot  HIF-la  and  HIF-ip  subunits  (1,8).  A  nuclear  localization  signal  at  the  C- 
terminal  end  of  HIF-la  allows  its  transport  from  the  cytoplasm  to  the  nucleus,  where  it 
forms  an  active  HIF-1  complex  by  binding  to  HIF-ip.  HIF-ip  is  constitutively  expressed, 
whereas  the  expression  and  activity  of  HIF-la  protein  are  regulated  by  Or-dependent 
and  -independent  mechanisms  (reviewed  in  9).  Ln  normoxic  conditions,  HIF-la  is 
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subject  to  02-dependent  prolyl  hydroxylation,  which  triggers  binding  of  von-Hippel- 
Lindau  tumor  suppressor  protein  (VHL)  and  ubiquitin-mediated  protein  degradation  by 
proteasome  (10,11).  Under  hypoxic  conditions,  O2  becomes  limiting  for  prolyl 
hydroxylase  activity,  and  ubiquitination  of  HIF-la  is  inhibited;  as  a  result,  active  HIF-1 
complex  can  be  formed.  Recently,  however,  the  level  of  HIF-la  has  been  shown  to 
increase  via  an  02-independent  mechanism  (6,7).  Growth  factors,  such  as  epidermal 
growth  factor  (EGF),  heregulin,  insulin-like  growth  factors  (IGF)-l  and  -2,  and  insulin, 
induce  expression  of  HIF-la  protein  in  nonhypoxic  conditions  (7,12,13).  They  bind  to 
cognate  receptor  tyrosine  kinases  and  activate  the  PI3K  or  mitogen-activated  protein 
kinase  (MAPK)  pathways,  which  in  turn  increases  the  rates  of  translation  and  HIF-la 
protein  synthesis.  PI3K/Akt  and  MAPK  are  also  implicated  in  the  stabilization  of  HIF-la 
induced  by  oncogenes,  hypoxia,  and  growth  factors  (reviewed  in  14).  It  has  been 
demonstrated  that  HIF-1  associates  with  the  molecular  chaperone  heat  shock  protein  90 
(Hsp90)  and  that  pharmacological  disruption  of  this  association  promotes  the 
ubiquitination  and  proteasome-mediated  degradation  of  HIF-1  in  a  manner  that  is 
independent  of  both  oxygen  and  VHL  (15),  suggesting  that  inhibitors  of  HIF-1  a/Hsp90 
interaction  could  be  used  to  regulate  hypoxia-  or  IGF-l-induced  HIF-la  protein 
expression. 

We  previously  found  that  SCH66336,  a  nonpeptide  tricyclic  famesyl  transferase 
inhibitor  (FTI),  inhibits  the  growth  of  non-small  cell  lung  cancer  (NSCLC)  cells  in 
combination  with  other  inhibitors  of  the  receptor  tyrosine  kinase  signaling  pathway  (16). 
Recently,  we  have  observed  tumor  regression  in  mice  bearing  orthotopic  tongue  tumors 
with  human  head  and  neck  squamous  cell  carcinoma  (HNSCC)  or  xenograft  tumor  with 
human  NSCLC  (16)  by  SCH66336  in  single  or  in  combination  with  other  signaling 
inhibitror.  Because  angiogenesis  is  an  essential  step  in  the  transition  of  a  tumor  from  a 
small  cluster  of  mutated  cells  to  a  large,  malignant  growth  (17),  we  performed  a  series  of 
experiments  to  determine  the  effects  of  SCH66336  on  VEGF  and  HIF-la  expression  and 
to  investigate  the  mechanisms  of  action  of  SCH66336  in  aerodigestive  tract  cancers. 
Here,  we  demonstrate  that  SCH66336  effectively  inhibits  expression  of  VEGF,  partly  by 
inhibiting  HIF-1  a/Hsp90  association,  and  thus  promotes  ubiquitination  and  proteasome- 
mediated  degradation  of  HIF-la  in  a  manner  that  is  independent  of  both  oxygen  and 
VHL. 

Materials  and  Methods 
Cells,  Animals,  and  Materials. 

Human  HNSCC  cell  lines  UMSCC38  was  obtained  from  Dr.  T.  Carey  (University  of 
Michigan,  Ann  Arbor,  MI).  Human  NSCLC  cell  lines  HI 299  was  purchased  from 
American  Type  Culture  Collection  (Manassas,  VA).  These  cells  were  cultured  in 
RPMI1640  supplemented  with  10%  fetal  bovine  serum  (FBS)  and  antibiotics.  HUVEC 
(C'ambrex  Bio  Science,  Walkersville,  MD)  were  maintained  in  a  gelatin-coated  dish  in 
endothelial  cell  basal  medium  (EBM)  (Cambrex  BioScience)  containing  endothelial  cell 
growth  supplement  (ECGS)  at  37°C  in  a  humidified  environment  with  5%  CO2.  HUVEC 
used  in  this  study  were  from  passages  2  to  7.  Tissue  culture  reagents  and  plasticware  were 
from  Nunc  (Roskilde,  Denmark).  Transwell  chamber  was  from  Coming-Costar,  Inc. 
(Corning,  NY).  Amicon  Ultra-4  was  obtained  from  Millipore  Co.  (Bedford,  MA).  Cell 
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culture  inserts  incorporating  PET  membranes  (6.4-mm  diameter,  8-pm  pore  size)  and  24- 
well  plates  were  from  Costar  (Cambridge,  MA).  We  used  the  following  adenoviral 
vectors  for  these  experiments:  vector  expressing  constitutively  active  MEK1  (Ser2 17/221 
to  Glu),  referred  to  here  as  Ad-MEKl  (kindly  provided  by  Dr.  J.D.  Molkentin, 
Cincinnati,  OH)  (18);  vector  expressing  constitutively  active  Akt  (MyrAkt),  referred  to 
here  as  Ad-MyrAkt  (19);  vector  expressing  hemagglutinin  (HA)-tagged  Hsp90,  referred 
to  here  as  Hsp90  (kindly  provided  by  Dr.  William  C.  Sessa,  Yale  University,  New  Haven, 
CT)  (20);  and  an  empty  vector,  referred  to  here  as  EV.  These  vectors  were  amplified  as 
described  previously  (16).  Female  nude  mice,  6  weeks  of  age,  were  purchased  from 
Harlan-Sprague  Dawley  (Indianapolis,  IN).  Bovine  serum  albumin  (BSA),  gelatin,  and 
MTT  were  obtained  from  Sigma-Aldrich  (St.  Louis,  MO).  SCH66336  ([+]4-{2-[4-(8- 
chloro-3,0-dibromo-6,l  l-dihydro-5-benzocyclohepa{  1 ,2~p } pyridin- 1  l-yl)-l-piperidinyl]- 
2-oxoethyl}-l-piperidinecarboxamide)  was  obtained  from  Schering-Plough  (Kenilworth, 
NJ).  We  confirmed  the  activity  of  SCH66336  in  inhibiting  famesylation  (Gibbs,  J.B.  et 
al.  Farnesyltransferase  inhibitors  versus  Ras  inhibitors.  Curr  Opin  Chem  Biol  1,  197-203 
(1997).)  measured  as  an  enhancement  in  the  level  of  unfamesylated  H-Ras  in  NSCLC 
cell  lines  (data  not  shown).  FTI-277  was  purchased  from  Calbiochem  (San  Diego,  CA). 
SCH66336  and  FTI-277  were  dissolved  in  dimethyl  sulfoxide  (DMSO)  at  various 
concentrations  to  establish  dose  responses.  Bovine  serum  albumin  (BSA),  gelatin, 
MG  132,  ALLN,  cycloheximide  (CHX),  cobalt  chloride  (C0CI2),  and  3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT)  were  obtained  from 
Sigma-Aldrich  (St.  Louis,  MO).  Inhibitors  were  prepared  as  20  m M  stock  solutions  in 
dimethyl  sulfoxide  (DMSO)  and  stored  at  -20°C.  Synthetic  siRNAs  targeting  H-Ras, 
VHL,  or  FIIF-la  were  purchased  from  Ambion  (Austin,  TX). 

Cell  Treatment 

In  experiments  assessing  effects  of  the  FTIs  on  protein  and  mRNA  expression  by 
western  blot  and  RT-PCR  analyses,  1  X  106  cells  of  H1299  NSCLC,  UMSCC38  HNSCC 
cell  lines,  or  HUVECs  were  transferred  to  100mm3  dish.  For  siRNA  transfection,  HI 299 
cells  were  plated  at  concentrations  of  1  X  105  cells/well  in  6-well  plates.  The  next  day, 
cells  were  transfected  with  nmol  of  siRNA  using  Oligofectamine  (Invitrogen,  Carlsbad, 
CA)  for  6  h.  These  cells  were  treated  with  SCH66336  (0.5,  1,  or  5  pM)  for  different  time 
periods  in  complete  medium.  For  hypoxia  or  IGF- 1  stimulation,  cells  were  serum-starved 
for  24  h  and  then  stimulated  by  hypoxia  (1%  02)  or  100  ng/ml  IGF-1  in  normoxia  (20% 
02)  for  4  h  before  harvest.  Total  protein  extracts  were  collected  for  western  blot  analysis. 
In  experiments  assessing  the  contribution  of  the  MAPK  and  Akt  signaling  pathways  and 
expression  of  Hsp90,  HI 299  cells  were  infected  with  Ad-HA-Myr-Akt  (25  pfu/cell),  Ad- 
MEK  (25  pfu/cell),  Ad-HA-Hsp90  (50  pfu/cell),  or  with  Ad-EV  (parental  virus,  25-50 
pfu/cell)  as  a  viral  control.  Infection  was  allowed  to  occur  for  2  h  in  the  absence  of 
serum,  and  then  cells  were  incubated  in  the  medium  containing  various  concentration  of 
SCH66336  (0.5-5  pM)  for  3d  in  complete  media  (unstimulated  condition).  For  hypoxia 
or  IGF-1  stimulation,  cells  were  serum-free  starved  for  Id  and  then  stimulated  by  IGF-I 
or  hypoxia  for  4h  as  described  above.  When  cells  were  treated  with  CHX,  CHX 
(lOOng/mL)  was  added  to  the  medium  of  H1299  cells  that  were  treated  with  SCH66336 
and  stimulated  with  IGF-I  of  hypoxia  for  4  h,  and  whole  cell  extracts  were  prepared  at 
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different  time  points.  In  indicated  experiments,  MG132  (lpM)and  ALLN  (lpM)were 
added  to  growth  medium  when  cells  were  stimulated  with  IGF-I  or  hypoxia. 

Hypoxic  Treatment 

Tissue  culture  dishes  were  transferred  to  a  modular  incubator  chamber  (Billups- 
Rothenberg,  Del  Mar,  CA),  sealed,  and  placed  at  37  °C.  For  hypoxic  exposures.  Cells 
were  placed  in  airtight  chamber  (Biospherix,  Redfield,  NY),  which  was  flushed  with  1% 
O2,  5%  CO2,  94%  N2to  maintainn  O2  concentration  at  1%  using  Pro-Ox  Model  1 10  O2 
regulators  (BioSpherix),  and  incubated  at  37°C. 

Conditioned  Media 

To  determine  the  effects  of  SCH66336  on  angiogenic  activities  of  H1299  NSCLC 
cell  line,  conditioned  media  (CM)  was  collected  from  HI 299  NSCLC  cell  lines.  HI 299 
cells  were  seeded  in  10-cm  plates  (1  *  10s  cells/plate)  and,  24  h  later,  cells  were  changed 
to  growth  medium  with  or  without  different  concentrations  (0.5,  1,  or  5  pM)  of 
SCH66336  or  FTI277.  The  plates  were  then  placed  under  normoxic  or  hypoxic 
conditions.  Following  the  3  days  of  incubation,  cells  were  washed  with  phosphate- 
buffered  saline  and  re-supplied  with  serum  free  medium  containing  same  concentrions  of 
SCH66336.  After  2  days  of  incubation,  conditioned  medium  was  removed  and 
centrifuged  twice  in  succession  through  Centricon  filters  (YM3,  Millipore)to  remove  any 
traces  of  SCH66336.  The  molecular  mass  cutoff  of  the  filters  was  3  kDa;  the  molecular 
mass  of  SCH66336  is  0.56  kDa,  so  the  flow-through  containing  excess  SCH66336  was 
discarded  and  the  retentate  was  collected.  Because  SCH66336  itself  may  have  an 
inhibitory  effect  on  this  assay,  we  confirmed  that  this  approach  efficiently  removed 
SCH66336  from  conditioned  medium  by  treating  UMSCC38  HNCC  cells  with  the  CM 
and  measuring  famesylated  H-Ras  level  in  the  cells  by  Western  blot  analysis.  We  found 
that  inhibition  of  H-Ras  famesylation  requires  more  than  0.5pM  of  SCH66336,  which 
was  insufficient  to  induce  antiangiogenic  effects  on  HI 299  cells.  Comparing  with  the 
control  cells  treated  with  known  concentrations  of  SCH66336,  it  was  determined  that  the 
amount  of  SCH66336  remaining  after  two  successive  filtration  spins  was  not  able  to 
inhibit  H-Ras  famesyltaion  when  the  starting  concentration  did  not  exceed  10  pM.  The 
final  filter  retentate  was  concentrated  40-fold  for  use  in  the  angiogenesis  assay.  CM  were 
used  for  several  analyses,  including  Matrigel  plug,  chick  aortic  arch,  and  HUVEC  cell 
proliferation  and  tube  formation  assays.  To  test  the  effects  of  CM  on  proliferation  of 
vascular  endothelial  cells,  ten  micrograms  of  CM  from  each  cell  group  was  directly 
applied  onto  HUVEC  cells  that  were  plated  at  3  x  103  cells/well  in  96-well  culture  plates. 
After  72  hours  of  incubation,  cell  proliferation  was  assessed  by  the  MTT  assay.  Six 
replicate  wells  were  used  for  each  analysis  and  at  least  three  independent  experiments 
were  performed. 

Matrigel  Plug  Assay 

In  vivo  mouse  Matrigel  plug  assay  was  performed  as  described  elsewhere  (22). 
Briefly,  lOpl  of  CM  from  SCH66336-treated  or  untreated  HI 299  cells  or  EBM  were 
mixed  with  heparin  (cone.)  and  growth  factor-reduced  Matrigel  (lOpl)  and  then  injected 
subcutaneously  into  nude  mice.  After  7  days,  Matrigel  plugs  were  excised  and  vessel 
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formation  was  observed.  Each  treatment  group  included  three  mice,  and  one 
representative  result  from  two  independent  experiments  was  shown. 

Chick  Aortic  Arch  Assay 

Chick  aortic  arch  assay  was  performed  as  described  elsewhere  (21).  Thoracic 
aortas  were  obtained  from  chick  eggs  (13-15  days).  Excess  perivascular  tissue  was 
removed,  transverse  sections  (1-2  mm)  cut,  and  the  resulting  aortic  rings  washed  in 
medium  199  (Life  Technologies,  Inc.).  The  rings  were  embedded  in  10pl  of  Matrigel  in 
48-well  plates  (Costar,  Corning,  NY)  with  the  lumen  perpendicular  to  the  base  of  the 
well.  The  ring  was  covered  with  lOpl  of  Matrigel,  which  was  allowed  to  gel.  lOpl  CM 
was  added  to  the  aortic  rings.  The  plates  were  incubated  for  24  hours  or  48  hours  at  37°C 
to  allow  microvessel  sprouting  from  the  adventitial  layer.  Average  sprouting  was 
measured  with  the  imageJ  program  (NIH)  after  the  plates  were  photographed  under  the 
stereomicroscope  (Zeiss,  Gottingen,  Germany).  Each  condition  was  tested  in  six  wells. 
The  experiment  was  repeated  three  times  with  similar  results. 

In  vitro  Tube  Formation  Assay 

Tube  formation  assay  w'as  done  as  described  elsewhere  (22).  HUVEC  (5  x  104) 
were  seeded  on  the  lOpl  of  Matrigel  surfaces  depleted  of  growth  factors  (Matrigel, 
Becton  Dickinson,  Bedford,  MA)  and  incubated  in  EBM  containing  lOpl  of  CM,  which 
were  collected  from  HI 299  cells  cultured  in  hypoxic  or  normoxic  condition.  To  test 
direct  effects  of  SCH66336  on  HUVECs,  cells  were  incubated  in  complete  medium 
containing  SCH66336  (1,5  pM)  in  normoxic  or  hypoxic  conditions._After  incubation  at 
37°C  for  4-6  hours,  tube  network  formation  was  quantified  as  described  elsewhere  (22). 
Morphologic  changes  of  the  cells  were  observed  under  a  microscope  and  photographed  at 
a  x40  magnification  using  ImagePro  Plus  software  (Media  Cybernetics,  Inc.,  Silver 
Springs,  MD).  Tube  formation  was  scored  in  one  4x  microscopic  field;  a  three  branch¬ 
point  event  was  scored  as  one  tube  (Reimer,  C.L.,  Agata,  N.,  Tammam,  J.G.,  Bamberg, 
M.,  Dickerson,  W.M.,  Kamphaus,  G.D.,  Rook,  S.L.,  Milhollen,  M.,  Fram,  R.,  Kalluri,  R., 
Kufe,  D.,  and  Kharbanda,  S.  (2002).  Antineoplastic  effects  of  chemotherapeutic  agents 
are  potentiated  by  NM-3,  an  inhibitor  of  angiogenesis.  Cancer  Res  62,  789-795?).  The 
experiment  was  performed  in  triplicate  with  similar  results.  The  experiment  was  repeated 
three  times  with  similar  results. 

lmmunoblot  Assays 

Whole-cell  lysates  from  1  x  106  cells  were  prepared  in  lysis  buffer  as  described 
elsewhere  (16).  Equivalent  amounts  of  protein  were  resolved  by  sodium  dodecyl  sulfate 
(SDS)-polyacrylamide  gels  (7.5% — 1 2%)  and  transferred  to  a  nitrocellulose  membrane. 
After  the  membrane  was  blocked  in  Tris-buffered  saline  (TBS)  containing  0.05%  Tween 
20  (TBS  I )  and  5%  (w/v)  nonfat  powdered  milk,  the  membrane  was  incubated  with 
primary  antibody  at  the  appropriate  dilution  in  TBS-5%  nonfat  milk  at  4°C  for  16  hours. 
The  membrane  was  then  washed  multiple  times  with  TBST  and  incubated  with  the 
appropriate  horseradish  peroxidase-conjugated  secondary  antibody  for  1  hour  at  room 
temperature.  The  protein-antibody  complexes  were  detected  by  using  the  enhanced 
chemiluminescence  (ECL)  kit  (Amersham,  Arlington  Heights,  IL),  according  to  the 
manufacturer’s  recommended  protocol.  For  HIF-la,  80-pg  aliquots  of  protein  were 
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analyzed  by  using  a  monoclonal  antibody  against  HIF-la  (Novus  Biologicals,  Littleton, 
CO)  at  1:500  dilution  as  described  previously  (21).  30-pg  aliquots  were  used  for  other 
western  blot  analyses  using  mouse  monoclonal  antibodies  against  phosphorylated  MAPK 
(ppP44/42  MAPK)  (Thr202/Tyr204)  (1:500)  or  HIF-lp  (HI  0234;  Novus  Biologicals) 
(1:1000),  rabbit  polyclonal  antibodies  against  phosphorylated  Akt  (pAkt)  (Ser473) 
(1:1000),  phosphorylated  glycogen  synthase  kinase  3p  (pGSK-3P)  (1  :  1000),  GSK-3P 
antibody  (1  :  1000)  (Cell  Signaling  Technology,  Beverly,  MA);  goat  polyclonal  antibodies 
against  extracellular  elated  kinase  1/2  (p44/42  MAPK)(1:1000),  rabbit  polyclonal  anti- 
Akt,  -HA,  MEK1/2,  and  anti-P-actin  (1:4000)  antibodies  (1:1000)  (Santa  Cruz 
Biotechnology,  Inc.,  Santa  Cruz,  CA);  rabbit  anti-mouse  immunoglobulin  G  (IgG)- 
horseradish  peroxidase  conjugate  (1:2000)  (DAKO,  Carpinteria,  CA);  and  donkey  anti¬ 
rabbit  IgG-horseradish  peroxidase  conjugate  (1:2000)  and  rabbit  anti-goat  IgG- 
horseradish  peroxidase  conjugate  (1:2000)  (Amersham  Pharmacia  Biotech,  Arlington 
Heights,  IL).  VHL,  Hsp90, 

RT-PCR  Assay 

Total  RNA  was  isolated  from  cells  with  the  use  of  Trizol  reagent  (Invitrogen). 
cDNA  was  synthesized  from  1  pig  of  total  RNA  as  templates  in  a  50  W  reaction  by  using 
TaqMan  RT  reagents  according  to  the  manufacturer’s  protocol  (Applied  Biosystems, 
Foster  City,  CA).  The  reaction  was  incubated  at  25°C  for  10  minutes  at  48°C  for  30 
minutes,  and  inactived  at  95  °C  for  5  min.  After  inactivation,  the  cDNA  was  stored  at  - 
20°C  until  use.  RT-PCR  was  performed  by  coamplification  of  the  genes  together  with  a 
reference  gene  (18s  RNA)  using  the  cDNA  template  and  corresponding  gene-specific 


primer  sets.  The  primer  sequences 

are 

as  follows: 

(sense)  5'- 

GGGAGAAAATCAAGTCGTGC-3' 

and 

(antisense) 

5'- 

AGC  AAGG  AGGGCCTCT  GAT  G-3 ' 

for 

HIF-la; 

(sense)5'- 

CC  ATG  AACTTTCTGCTGTCTT-3 ' 

and 

(antisense) 

and 

ATCGCATCAGGGGCACACAG  -3'  for  VEGF;  5’-GGT  GAA  GGT  CGG  TGT  GAA 
CGG  ATT  T-3’  (sense)  and  5’-AAT  GCC  AAA  GTT  GTC  ATG  GAT  GAC  C-3’ 
(antisense)  for  GAPDH.  To  avoid  amplification  of  genomic  DNA,  the  primers  were 
chosen  from  different  exons.  PCR  was  carried  out  in  a  total  volume  of  25  |il  containing  1 
pi  of  cDNA  solution  and  0.2  pM  of  sense  and  antisense  primers.  The  RT-PCR 
exponential  phase  was  determined  on  28-33  cycles  to  allow  quantitative  comparisons 
among  the  cDNAs  developed  from  identical  reactions.  The  thermocycler  conditions  used 
for  amplification  were  94°C  for  6  minutes  hot  start;  94°C  for  45  seconds;  56-60°C  for  45 
seconds;  and  72°C  for  1  minute.  The  control  PCR  was  performed  for  26-27  cycles  with 
0.5  pi  of  cDNA  solution  to  allow  quantitative  comparisons  among  the  cDNAs  developed 
from  identical  reactions  with  primers  for  GAPDH.  Amplification  products  (8  pL)  were 
resolved  on  2%  agarose  gels,  stained  with  ethidium  bromide,  and  visualized  in  a 
transilluminator  and  photographed. 

In  Vivo  Tumor  Model  and  lmunohistochemical  Staining 

Sublingual  injections  for  implantation  of  orthotopic  tumors  were  performed  as  described 
elsewhere  (23).  We  purchased  5-week-old  female  nude  mice  from  Harlan-Sprague 
Dawley.  All  animal  procedures  were  performed  in  accordance  with  a  protocol  approved 
by  our  institutional  Animal  Care  and  Usage  Committee.  UMSCC38  cells  (2  X  106)  were 
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injected  into  the  lateral  tongue  of  anesthetized  mice  (n= 5).  One  week  later,  when  tumors 
started  to  develop,  40  mg/kg  of  oral  SCH66336  or  20%  hydroxyl-propyl- 
betacyclodexatrin  (HPCD)  control  vehicle  was  given  twice  a  day  for  3  weeks.  At  the 
second  week  after  tumor  cell  injection,  tumor  size  and  body  weight  were  measured,  and 
thereafter  the  mouse  food  was  replaced  by  commercially  available  soft  food  (transgenic 
mice  dough;  Bio-serv,  Frenchtown,  NJ),  which  could  be  swallowed  by  the  mice  even 
when  the  oral  cavity  was  blocked  by  tumor.  Four  weeks  after  the  tumor  cell  injection,  the 
mice  were  humanely  killed  by  COi  after  checking  their  body  weight,  and  tumor  size  was 
measured.  If  mice  had  lost  >20%  of  their  preinjection  body  weight  (average  18.92g),  they 
were  humanely  killed  by  CO2.  Tumor  growth  was  quantified  by  measuring  the  tumors  in 
two  dimensions  and  calculating  as  described  elsewhere  (Lee,  H.Y.,  Chun.  K.H.,  Liu,  B., 
Wiehle,  S.A.,  Cristiano,  R.J.,  Hong,  W.K.,  Cohen,  P.,  and  Kurie,  J.M.  (2002).  Insulin-like 
growth  factor  binding  protein-3  inhibits  the  growth  of  non-small  cell  lung  cancer.  Cancer 
Res  62,  3530-3537.).  The  tongues  were  removed  and  separated  into  two  parts.  One  part 
was  fixed,  embedded  in  paraffin,  and  sectioned  for  VEGF,  and  HIF-la  staining.  The  5- 
pm-thick  tumor  tissue  sections  were  deparaffinized  through  a  series  of  xylene  baths  and 
rehydrated  through  a  series  of  graded  ethanol  baths.  The  sections  were  then  immersed  in 
methanol  containing  0.3%  hydrogen  peroxidase  for  20  min  to  block  endogenous 
peroxidase  activity  and  incubated  in  2.5%  blocking  serum  to  reduce  nonspecific  binding. 
Sections  were  incubated  overnight  at  4C  with  primary  antibody  against  VEGF 
(SantaCruz,  1:100  dilution)  or  HIF-la  (SantaCruz,  1 :40  dilution).  The  sections  were  then 
processed  using  standard  avidin-biotin  immunohistochemical  techniques  according  to  the 
manufacturer’s  recommendations  (Vector  Laboratories,  Burlingame,  CA). 
Diaminobenzidine  was  used  as  a  chromogen,  and  commercial  hematoxylin  was  used  for 
counterstaining.  For  CD3 1  staining,  frozen  sections  of  tumor  tissues  were  stained  with 
anti-CD31  antibody  (BD-Pharmingen  1:100  dilution)  and  then  detected  by  Cy3- 
conjugated  secondary  antibody  as  previously  described  (ref). 

Immunoprecipitation 

Cells  treated  with  SCH66336  5  pM  for  3  days  were  untreated  or  stimulated  with  IGF-1 
(100  ng/ml)  in  normoxia  or  hypoxia  for  4h,  as  described  above.  Whole-cell  lysates  were 
prepared  in  lysis  buffer  (50  mM  Tris,  150  mM  NaCl,  5  mM  EDTA,  0.5%Nonidet  P-40, 
5%  glycerol,  1  mM  phenylmethylsulfonyl  fluoride,  protease  inhibitor  mixture,  pH  7.5), 
followed  by  immediate  vortexing(3  x  15  s).  Following  centrifugation  (15,000  x  g  for  30 
min)  supernatants  were  transferred  to  fresh  tubes.  Supernatants,  1  mg  of  protein  each, 
were  supplied  with  1  pg  of  anti-HIF-1  a  antibody  (purchased  from  Santa  Cruz 
Biotechnology)  and  incubated  at  4  °C  for  overnight.  Thereafter,  50-pl  protein  A 
Sepharose  beads  (Amersham  Pharmacia  Biotech  AB.  Uppsala.  Sweden)  were  added  and 
incubations  at  4  °C  for  4  h.  Beads  were  washed  three  times  with  the  lysis  buffer  and  two 
times  with  1XPBS,  boiled  in  Laemmli  loading  buffer,  and  separated  by  SDS-PAGE 
(8%).  HIF-la  (HI a.67,  BD-Transduction  Laboratories,  Lexington,  KY),  HSP90  (BD- 
I  ransduction  Laboratories)  and  ubiquitin  (Santa  Cruz)  were  detected  by  immunoblot 
analysis  as  described  above. 
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Statistical  analysis 

All  data  are  expressed  as  means  ±  SD,  and  95%  confidence  intervals  from  triplicate 
samples  were  calculated  using  Microsoft  Excel  software  (version  5.0;  Microsoft  Corporation, 
Seattle,  WA).  The  Student's  /-test  was  used  to  establish  which  groups  differed  from  the  control 
group.  A  P  value  of  less  than  0.05  was  considered  statistically  significant. 
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Results 


Effects  of  SCH66336  on  angiogenic  activities  of  aerodigestive  tract  cancer  cells 

The  effects  of  SCH66336  on  angiogenic  activities  of  aerodigestive  tract  cancer 
cells,  including  NSCLC  and  HNSCC  cells,  were  tested  using  CM  derived  from 
SCH66336-treated  H1299  NSCLC  or  UMSCC38  HNSCC  cells.  The  Matrigel  plug  assay, 
an  established  in  vivo  angiogenesis  model,  revealed  that  control  plugs  in  which  Matrigel 
was  injected  with  heparin  alone  showed  few  vessels,  whereas  plugs  treated  with  CM  (100 
ng/ml)  from  untreated  H1299  cells,  but  not  with  CM  from  SCH66336-treated  cells,  had 
abundant  vessel  development  (Fig.  1  A).  Since  tumor  angiogenesis  is  stimulated  hypoxia, 
we  next  performed  the  ex  vivo  chick  aortic  ring  arch  assay  using  CM  from  HI 299  cells 
incubated  in  hypoxic-  (1%  O2)  or  normoxic  (20%  O2)  conditions.  Blfel^^n^^lucH 

We  found  that  CM  from  hypoxic-  or  unstimulated 


tavnhv  ’Trti’  ; 

normoxic  HI 299 

|  cells  significantly  stimulated  endothelial  cell  sprouts 
compared  with  EBM-treated  chick  aortas;  in  contrast,  CM  from  SCH66336-treated  cells 
showed  significantly  less  endothelial  cell  sprouts  than  cells  treated  with  CM  from  control 
cells(/*<0.0 1 )  (Fig.  IB).  We  next  performed  the  in  vitro  capillary  tube  formation  assay  to 
analyze  the  effects  of  SCH66336  on  morphogenesis  of  endothelial  cell.  CM  from 
untreated  hypoxic-  or  unstimulated  normoxic  HI 299  cells  significantly  stimulated  tube 
formation  of  HUVECs  on  Matrigel-coated  culture  plates  (Fig.  1C).  However, 
pretreatment  with  5  pM  of  SCH66336  blocked  the  morphological  differentiation- 
stimulating  activities  of  HI 299  cells.  These  findings  indicated  the  SCH66336  inhibited 
angiogenic  activities  of  HI 299  cells. 

We  explored  mechanisms  of  antiangiogenic  action  of  SCH66336.  Since  tumor 
angiogenesis  is  induced  by  angiogenic  growth  factors  that  are  secreted  from  hypoxia-  or 
growth  factor-stimulated  cancer  cells  and  interact  with  their  receptors  expressed  on 
endothelial  cells  to  stimulate  their  proliferation  (Shepherd,  F.A.  (2001).  Angiogenesis 
inhibitors  in  the  treatment  of  lung  cancer.  Lung  Cancer  34  Suppl  3,  S81-89.  Kerbel,  R.S. 
(2000).  Tumor  angiogenesis:  past,  present  and  the  near  future.  Carcinogenesis  21,  505- 
515.).  we  tested  whether  CM  from  SCH66336-treated  HI 299  cells  could  affect  the 
HUVECs  proliferation.  CM  from  hypoxic-,  normoxic  IGF-stimulated.  or  unstimulated 
normoxic  H1299  cells  significantly  increased  proliferation  of  HUVECs.  However,  CM 
from  SCH66336-treated  cells  showed  significantly  less  proliferation  compared  with 
HUVECs  incubated  with  CM  from  untreated  HI 299  cells  (/*<0.01)  (Fig.  ID).  HUVECs 
incubated  CM  from  hypoxic-,  normoxic  IGF-stimulated,  or  unstimulated  normoxic 
UMSCC38  cells  showed  similar  patterns  of  decreased  proliferation  (data  not  shown). 
These  findings  suggest  that  SCH66336  inhibits  hypoxia-  or  growth  factor-stimulated  as 
well  as  constitutive  secretion  of  angiogenic  growth  factors  from  aerodigestive  tract 
cancer  cells. 


Role  of  HlF-la  in  VEGF  expression  and  effects  of  SCH66336  on  HIF-la  and  VEGF 
production  in  NSCLC,  HNSCC,  and  HUVEC  cells 

We  investigated  the  mechanisms  that  inhibit  secretion  of  angiogenic  growth 
factors  from  SCH66336-treated  aerodigestive  tract  cancer  cells.  Since  VEGF  plays  an 
important  role  in  angiogenesis,  and  its  expression  is  largely  regulated  by  the  transcription 
factor  HIF-la,  we  focused  on  the  effects  of  SCH66336  on  HIF-la  and  VEGF  expression 
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in  aerodigestive  tract  cancer  cells.  To  this  end,  we  first  determined  whether  HIF-la  has 
an  important  role  in  the  production  of  VEGF  in  HI 299  cells  by  measuring  VEGF  levels 

in  CM  from  the  cells  transfected  with  siRNA  targeting  HIF-la.  As  shown  in  Fie  2A 

(left),  the  basal  level  of  HIF-la  protein  expression  was  very  weak  and  markedly 

increased  when  H1299  cells  were  incubated  in  hypoxia  for  4  h.  Expressions  HIF-la  and 

VEGF  protein  in  the  HI 299  cells  transfected  with  HIF-la  siRNA  was  decreased  both  in 

normoxia  and  hypoxia  compared  with  those  in  the  scrambled  (Scr)  siRNA-transfected 

cells.  HIF-1B  protein  expression  remained  unchanged  in  these  cells.  These  Findings 

indicated  an  important  role  of  HIF-la  in  VEGF  expression. 

Since  growth  factors  and  oncogenes  can  increase  HIF-la  expression  (Semenza. 

Reivew)  (Rak,  J.,  Mitsuhashi,  Y.,  Sheehan,  C.,  Tamir,  A.,  Viloria-Petit,  A.,  Filmus,  J., 
Mansour,  S.J.,  Ahn,  N.G.  and  Kerbel,  R.S.,  2000.  Oncogenes  and  tumor  angiogenesis: 
differential  modes  of  vascular  endothelial  growth  factor  up-regulation  in  ras-transformed 
epithelial  cells  and  fibroblasts.  Cancer  Res.  60,  pp.  490-498.)(Lim  JH,  Lee  ES,  You  HJ,  Lee 
JW,  Park  JW.  Chun  YS.  Ras-dependent  induction  of  HIF-1  alpha785  via  the  Raf/MEK/ERK 
pathway:  a  novel  mechanism  of  Ras-mediated  tumor  promotion.  Oncogene.  2004  Dec 
l6;23(58):9427-3 1.),  we  next  tested  whether  HIF-la  protein  levels  in  HI 299  cells  are 
regulated  by  ras  or  IGF-I.  The  role  of  ras  on  HIF-la  expression  was  tested  in  HI 299 

cells  transfected  with  siRNA  targeting  H-my.  HI 299  cells  transfected  with  H -ras  siRNA 

decreased  H-ra.y  mRNA  and  protein  expression  in  normoxia  (Fig.  2B,  top  panels!  and  in 

hypoxia  (data  not  shown)  compared  with  control  scrambled  siRNA  (Scr)-transfected 

cells.  Expression  of  GAPDH  mRNA  and  B-Actin  protein  expression  levels  remained 

unchanged  in  these  cells  (data  not  shown).  As  shown  in  Fig.2B  (bottom  panels).  HIF-la 

protein  levels  were  not  affected  by  H-ras  siRNA  both  in  hypoxia  and  normoxia.  We  next 

tested  if  HIF-la  expression  was  affected  by  IGF-I.  Consistent  with  previous  findings 
(Semenza),  treatement  of  serum-starved  H 1 299  cells  with  IGF-I  (50ng/ml)  induced  HIF- 
la  protein  expression  at  4h  (Fig.  2B).  These  findings  indicated  that  FIIF-la  protein  levels 

are  mainly  regulated  bv  hypoxia  and  growth  factors  in  HI 299  cells. 

We  then  examined  the  effects  of  SCH66336  on  HIF-la  protein  levels  in  hypoxic-, 
normoxic  IGF-stimulated,  or  unstimulated  normoxic  HI 299  cells.  The  hypoxia-  or  IGF- 
induced  increase  in  HIF-a  protein  expression  in  HI 299  cells  was  abolished  by 
SCH66336  in  time-  and  dose-dependent  manner  (Fig.  2D).  HIF-la  protein  expression  in 
unstimulated  HI 299  cells  was  also  reduced  by  the  SCH66336  treatment.  HIF-1  p  protein 
level  was  not  affected  by  SCH66336  in  any  conditions  applied.  Another  FTI,  FTI-277, 
also  decreased  HIF-la  protein  levels  in  hypoxic-,  normoxic-IGF-stimulated,  and 
normoxic-unstimulated  HI 299  cells  (Fig.  2E).  Similar  patterns  of  decrease  in  HIF-la 
protein  levels  were  observed  in  hypoxic-,  normoxic-IGF-stimulated,  and  normoxic- 
unstimulated  UMSCC38  HNSCC  cells  treated  with  SCH66336  or  FTI-277  (Fig  2F). 
These  Endings  indicated  that  inhibition  of  HIF-la  protein  in  aerodigestive  tract  cancer 
cells  is  a  generic  response  to  FTls.  We  next  tested  the  SCH66336-mediated  decrease  in 
HIF-la  protein  expression  is  well  correlated  with  VEGF  mRNA  expression  in  hypoxic-, 
normoxic-IGF-stimulated,  and  normoxic-non-stimulated  H1299  cells.  VEGF  mRNA 
expression  was  decreased  by  SCH66336  under  all  conditions,  whereas  GAPDH  mRNA 
was  not  affected  (Fig.2G),  suggesting  that  suppression  of  HIF-la  expression  by 
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SCH66336  contribute  to  the  inhibition  of  the  hypoxia-  or  IGF-stimulated  as  well  as 
constitutive  production  of  VEGF. 

Since  the  importance  of  HlFla  on  survival  of  endothelial  cells  have  recently 

demonstrated  (Cancer  Cell  6:485  (2004)),  we  evaluated  direct  effects  of  SCH66336  on 

endothelial  cells  (EC).  Firstly,  we  tested  the  effects  of  SCH66336  on  HIF-la  expression 
in  HUVECs.  Similar  inhibitory  effects  of  SCH66336  on  HIF-la  protein  and  VEGF 
mRNA  expression  were  observed  in  hypoxic-,  normoxic-IGF-stimulated,  and  normoxic- 
unstimulated  HUVECs  that  were  pretreated  with  5p.M  of  SCH66336  (Fig.  3A).  We 
further  examined  the  effect  of  SCH66336  on  HUVEC  tube  formation  and  proliferation. 

For  the  assay.  HUVECs  were  untreated  or  treated  with  5  uM  of  SCH66336  for  24h  in 

hypoxic  or  normoxic  condition,  and  then  equal  number  of  untreated  or  treated  cells  were 

seeded  on  a  Transwell  chamber  coated  with  a  thin  layer  of  Matrigel.  Capillary  tube 

structure  formation  was  obvious  at  6  h  of  incubation  and  was  almost  completed  at  24  h  in 

the  control  medium  (Fig.  3B>.  However.  SCH66336-treated  HUVECs  showed 

significantly  decreased  ability  to  extend  and  differentiate  into  tube-like  structures 

following  3-d  incubation  with  5  uM  SCH66336.  We  next  tested  the  effect  of  SCH66336 

on  proliferation  of  HUVECs.  HUVECs  treated  with  5  uM  SCH66336  for  3d  in  hypoxic 

or  normoxic  conditions  showed  a  significantly  decreased  proliferation  (Fig.  3C).  These 

data  suggested  that  SCH66336  can  act  directly  on  endothelial  cells  to  inhibit  their 

angiogenic  processes  including  tube  formation  and  proliferation. 

Effects  of  SCH66336  on  angiogenic  activities  in  HNSCC 

The  data  presented  above  suggest  that  SCH66336  inhibits  expression  of  HIF-la 
protein  and  VEGF  and  suprresses  tumor  angiogenesis,  and  if  growth  of  aerodigestive 
tract  cancer  is  dependent  on  tumor  vascularization,  then  inhibition  of  HIF-la  and  VEGF 
protein  expression  by  SCH66336  should  also  induce  tumor  growth  inhibition.  To 
determine  whether  SCH66336  inhibits  HIF-la  protein  and  VEGF  expression  in  vivo,  and 
inhibition  of  these  proteins  affected  tumor  angiogenesis  and  tumor  growth  in  vivo,  we 
established  HNSCC  orthotopic  tonguce  tumors  in  nude  mice  and  treated  the  mice  with 
SCH66336  and  treated  mice  with  established  tumors  with  SCH66336.  Representative 
tongue  tissues  from  a  healthy  mouse  (Normal),  and  tongue  tumors  from  SCH66336- 
untreated  (Con)  and  -treated  mice  (SCH66336)  are  depicted  in  Fig.  4A.  Three  weeks  of 
oral  treatment  with  SCH66336  (40  mg/kg)  significantly  suppressed  tongue  tumor  growth 
(P<0.005);  on  day  28,  the  last  day  of  measurement,  the  average  tumor  volume  for 
untreated  control  mice  had  increased  to  319.7  +  60.7%  (mean  ±  s.d.)  of  the  pretreatment 
volume,  while  that  for  SCH66336-treated  mice  was  123.8  +  13.4%  of  the  pretreatment 
volume  (Fig.  4B-left).  The  average  body  weight  of  SCH66336-treated  mice  was  not 
reduced  during  the  treatment  (Fig.  4B-iniddle),  indicating  that  side  effects  of  SCH66336 
are  minimal.  We  next  evaluated  effects  of  SCH66336  on  angiogenesis  and  HIF-la  and 
VEGF  expression  in  HNSCC.  As  shown  in  Fig.  4B  (right),  SCH66336  significantly 
decreased  tumor  vascularization  (P  <  0.01)  as  determined  by  microvessel  density  in  anti- 
CD31 -stained  tongue  tumor  tissues  from  control  and  SCH6636-treated  nude  mice. 
Representative  control  and  SCH66336-treated  tongue  tissues  stained  with  CD31  are 
depicted  in  Fig.  4C.  In  addition,  SCH66336-treated  tongue  tumor  tissues  also  showed 
obvious  decreases  in  HIF-la  and  VEGF  levels,  while  tongue  tumor  tissues  from 
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untreated  control  mice  didn’t  show  such  changes  (Fig.  3C).  These  data  indicate  that 
SCH66336  is  an  efficient  antiangiogenic  therapeutic  agent  targeting  HIF-la  and  VEGF 
expression  in  aerodigestive  tract  cancer. 

SCH66336  inhibits  IGF-l-induced  HIF-la  protein  synthesis 

We  investigated  the  mechanism  that  mediates  down-regulation  of  HIF-la  by 
SCH663636.  Since  HIF-la  protein  expression  is  very  weak  in  normoxic  unstimulated 
cells,  we  focused  on  the  effects  of  SCH66336  on  hypoxic-  and  normoxic-IGF-stimulated 
HIF-la  protein  levels.  We  first  performed  RT-PCR  in  H1299  cells  treated  with 
SCH66336.  SCH66336  treatment  did  not  measurably  alter  HIF-la  mRNA  levels  in  the 
hypoxic-  and  normoxic-IGF-stimulated  (Fig  5A),  indicating  that  HIF-la  regulation  by 
SCH66336  occurs  at  the  posttranscriptional  level.  The  increase  in  HIF-la  protein  level 
could  be  due  to  a  decreased  rate  of  degradation  and/or  increased  rate  of  synthesis  (14).  To 
determine  which  of  these  mechanisms  is  involved  in  SCH66336-mediated  inhibition  of 
HIF-la  protein  level,  HI 299  cells  incubated  with  5  pM  SCH66336  for  3  days  were 
exposed  to  hypoxic  conditions  or  IGF-1  for  4  hours  to  induce  HIF-la  expression;  CHX 
was  then  added  to  block  protein  synthesis.  HIF-la  protein  levels  were  measured  before 
(time  0)  and  at  various  time  intervals  during  CHX  treatment.  In  the  SCH66336-treated 
cells,  the  half-lives  of  both  hypoxia-  and  IGF-l-induced  HIF-la  proteins  were 
significantly  deceased.  The  half-life  of  hypoxia-induced  HIF-la  protein  was  180  minutes 
in  untreated  HI 299  cells  but  1 15  minutes  in  SCH66336-treated  cells  (Fig.  5B).  Similarly, 
the  half-life  of  IGF-l-induced  HIF-la  protein  was  decreased  from  >30  minutes  in 
untreated  cells  to  17  minutes  in  SCH66336-treated  cells  (Fig.  5B).  These  findings 
indicate  that  SCH66336  influences  HIF-la  protein  stability  in  H1299  cells. 

Since  HIF-la  protein  is  degraded  mainly  through  the  ubiquitin-proteasome 
pathway,  we  questioned  whether  the  effect  of  SCH66336  on  HIF-la  protein 
accumulation  is  dependent  on  proteasomal  degradation.  To  answer  this  question,  we 
tested  whether  proteasome  inhibitors  affect  the  HIF-la  protein  level  in  SCH66336- 
treated  cells.  Pretreatment  for  8  hours  with  different  proteasome  inhibitors,  including 
MG  132  (10  pM)  and  ALLN  (50  pM),  prevented  the  SCH66336-mediated  decrease  in 
HIF-la  protein  level  stimulated  by  hypoxia  or  IGF-1  (Fig.  5C).  The  majority  of  proteins 
degraded  in  the  proteasome  are  first  modified  by  a  polyubiquitin  chain,  which  serves  as  a 
recognition  signal  for  targeting  the  proteasome  (24).  Indeed,  treatment  of  cells  with  a 
proteasome  inhibitor  alone  or  in  combination  with  SCFI66336  resulted  in  formation  of 
polyubiquitinated,  higher  molecular  weight  forms  of  HIF-la  (Fig.  5D).  These  findings 
indicate  that  SCH66336  inhibits  HIF-la  protein  accumulation  through  a  proteasome- 
dependent  degradation  pathway  in  hypoxic-  and  normoxic-IGF-stimulated  conditions. 

Role  of  VHL  in  SCH66336-mediated  degradation  of  HIF-la 

We  next  investigated  the  mechanism  by  which  SCH66336  decreased  HIF-la  level  in 
HI 299  cells.  HIF-la  is  constitutively  stabilized  in  normoxic  tumors  and  in  cell  lines  that 
are  VHL-null  or  express  a  nonfunctional  mutant  form  of  VHL  (25),  and  VHL-inactivated 
tumors  are  highly  vascular  and  overproduce  VEGF  (26).  We  therefore  investigated 
whether  VHL  protein  is  implied  in  the  action  mechanisms  of  SCH66336.  To  address  this 
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question,  we  tested  the  levels  of  VHL  in  hypoxic-  and  normoxic-IGF-stimulated  as  well 
as  normoxic  unstimulated  HI 299  cells  that  were  pretreated  with  SCH66336.  As  shown  in 
Fig.  5 A,  VHL  protein  expression  was  not  changed  by  5uM  of  SCH66336  treatment  in 
these  cells.  We  further  tested  whether  inhibition  of  VHL  expression  abrogates  the  effects 
of  SCH66336  on  HIF-la  expression  in  HI 299  cells.  To  this  end,  HI 299  cells  were 
untransfected  or  transfected  with  VHL  or  control  scrambled  (Scr)  siRNA.  After 
confirmation  of  decrease  in  VHL  expression  in  VHL  siRNA-transfected  cells  (data  not 
shown),  we  determined  HIF-la  protein  levels  in  these  HI 299  cells.  As  shown  in  Fig  5B, 
HIF-la  protein  expression  was  decreased  in  hypoxic-  and  normoxic-IGF-stimulated  as 
well  as  normoxic  unstimulated  HI 299  cells  that  had  been  transfected  with  VHL  siRNA, 
compared  with  control  scrambled  siRNA  (Scr)-transfected  cells  cultured  in  same 
conditions.  These  results  indicated  that  HIF-la  regulation  by  SCH66336  is  through 
VHL-indendent  pathways. 

Role  of  of  MAPK  and  PBK/Akt  pathways  in  SCH66336-mediated  degradation  of 
HIF-la 

Because  PBK/Akt  and  p44/42  MAPK  pathways  have  been  implicated  in 
synthesis  and  stabilization  of  HIF-la  protein  (reviewed  in  14),  SCH66336  has  a  potential 
to  inhibit  these  pathways,  we  next  tested  whether  PBK/Akt  and  p44/42  MAPK  pathways 
are  involved  in  SCH66336-mediated  decreases  in  HIF-la  in  H1299  cells.  SCH66336 
decreased  the  levels  of  phosphorylated  Akt  (Ser473)  and  phosphorylated  P44/42  MAPK 
(pP44/42  MAPK)  in  hypoxic-  and  normoxic-IGF-stimulated  cells.  Whereas,  in  normoxic 
unstimulated  H1299  cells,  pAkt  was  mildly  decreased  and  p44/42  MAPK  was  not 
affected  by  SCH66336  treatment  (Fig.  6 A).  Akt  and  p44/42  MAPK  were  remained 
unchanged  in  the  cells  in  every  condition.  Expression  of  Akt  and  p44/42  MAPK  was  not 
affected  by  SCH66336  in  any  case. 

To  further  test  whether  PBK/Akt  and  p44/42  MAPK  signaling  pathways  is 
involved  in  the  SCH66336-mediated  decrease  in  HIF-la  protein  levels,  HI 299  cells  were 
infected  with  control  adenoviral  vector  (EV)  or  adenovirus  expressing  HA-MyrAkt  (Ad- 
HA-MyrAkt  )(to  generate  constitutively  active  Akt)  or  MEK1  (Ad-MEKl)  (to  generate 
constitutively  active  MEK1).  The  induced  expression  of  HA-MyrAkt  and  MEK1  and 
constitutive  activity  of  these  proteins  were  confirmed  by  western  blot  analysis  on  HA, 
MEK1,  phosphorylated  GSK-3P,  and  p44/42MAPK,  as  previously  described  (18)  (Fig. 
6D,E).  We  next  determined  whether  infection  by  Ad-HA-MyrAkt  or  Ad-MEKl  could 
protect  HIF-la  expression  by  from  SCH66336-mediated  decrease.  Basal  levels  of  HIF- 
la  protein  levels  were  increased  by  Ad-HA-MyrAkt  or  Ad-MEKl  in  hypoxic-  (Fig  6D), 
normoxic-IGF-stimulated  (Fig  6E),  and  normoxic-non-stimulated  (Fig  6F)  H1299  cells. 
However,  SCH66336-mediated  decrease  in  HIF-la  protein  levels  in  these  cells  was  not 
completely  recovered  by  the  overexpression  of  HA-MyrAkt  or  MEK1,  suggesting  that 
neither  PBK/Akt  nor  MAPK  pathway  played  a  major  role  in  maintaining  HIF-la  protein 
stability  against  SCH66336  in  HI 299  cells. 

Effects  of  Hsp90  on  destabilization  of  HIF-la  induced  by  SCH66336  in  normoxic 
and  hypoxic  conditions 
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The  protein  chaperone  Hsp90  plays  a  pivotal  role  in  mediating  the  proper  folding  and 
subsequent  activation  of  its  numerous  client  proteins  including  HIF-la  (27).  Thus,  we 
studied  the  role  of  Hsp90  in  HIF-la  protein  expression  in  hypoxic-,  normoxic-IGF- 
stimulated,  and  normoxic-non-stimulated  HI 299  cells.  We  first  tested  whether 
overexpression  of  Hsp90  would  protect  the  cells  from  SCH66336-induced  decrease  in 
HIF-la  protein  levels  in  HI 299  cells.  To  this  end,  we  infected  HI 299  cells  with  an 
adenoviral  vector  containing  HA-tagged  Hsp90  under  the  control  of  the  cytomegalovirus 
promoter  (Ad-HA-Hsp90).  Induction  of  Hsp90  protein  expression  in  the  cells  infected 
with  Ad-HA-Hsp90  was  determined  by  the  appearance  of  the  HA  band  in  western 
blotting  using  an  anti-HA  antibody  (Fig.  7A).  In  hypoxic-  and  normoxic-IGF-stimulated 
conditions,  cells  infected  with  Ad-HA-Hsp90  were  completely  rescued  from  the  HIF- la- 
inhibiting  effect  of  SCH66336,  unlike  cells  infected  with  EV  (Fig.  7A).  However, 
SCH66336-mediated  decrease  in  HIF-la  protein  level  was  not  restored  by 
overexpression  of  Hsp90  in  normoxic  unstimulated  cells.  These  findings  indicated  that 
Hsp90  activity  is  required  for  accumulation  of  HIF-la  protein  induced  by  hypoxia  or 
IGF- 1 .  However,  constitutive  expression  of  HIF-la  protein  is  regulated  by  SCH66336 
through  Hsp90-independent  pathway  in  normoxic  unstimulated  condition. 

Because  hypoxia  or  IGF-induced  decreases  in  HIF-la  protein  is  recovered  by  the 
overexpression  of  Hsp90,  we  next  tested  whether  SCH66336  regulates  Hsp90  expression 
in  hypoxic-  and  normoxic-IGF-stimulated  H1299  cells.  SCH66336  showed  no  change  in 
total  Hsp90  protein  expression  in  these  cells  (Fig.  6B).  HIF-la  is  known  to  interact  with 
Hsp90  (28),  and  pharmacological  disruption  of  the  HIF-la/Hsp90  association  promotes 
ubiquitination  and  proteasome-mediated  degradation  of  HIF-la  (15).  Therefore,  we 
explored  whether  SCH66336  affected  the  HIF-la/Hsp90  interaction  in  HI 299  cells.  Co- 
immunoprecipitation  assays  were  carried  out  in  protein  extracts  of  HI 299  cells  treated 
with  5  p.M  SCH66336  for  various  time  intervals  then  exposed  to  1%  O2  or  100  ng/ml 
IGF- 1  for  6  hours.  HIF-la  protein  was  immunoprecipitated  with  anti-  HIF-la  antibody 
and  the  co-immunoprecipitated  proteins  were  resolved  on  a  polyacrylamide  gel,  and  the 
Hsp90  protein  was  detected  by  western  blotting  using  anti-Hsp90  antibody.  As  shown  in 
Figure  7C,  obvious  interaction  between  Hsp90  and  HIF-la  was  detected  in  cells  treated 
with  1%  C>2or  IGF- 1 .  The  interaction  was  disturbed,  however,  by  SCH66336  treatment, 
which  preceded  the  decreases  in  HIF-la  protein  and  Hsp90  levels  in  hypoxic-  and 
normoxic-IGF-stimulated  H1299  cells.  These  findings  suggested  that  SCH66336 
inhibited  expression  of  Hsp90a  as  well  as  interaction  between  Hsp90  and  HIF-la  and 
thus  interrupted  the  function  of  Hsp90  as  a  chaperone  protein. 

Discussion 

Angiogenesis  has  a  critical  role  in  primary  tumor  growth  and  metastasis  (29,30). 

A  principal  mediator  ol  tumor  angiogenesis  is  VEGF,  and  a  major  transcriptional 
activator  of  that  gene  is  HIF-la  (9).  An  increasing  body  of  evidence  indicates  that 
oncogenes,  growth  factors,  and  hypoxia  regulate  VEGF  expression  by  elevating  HIF-la 
translational  rate  and  its  stabilization  via  activating  MAPK  or  PI3K/Akt  pathways 
(31,32).  Moreover,  Hsp90  associates  with  HIF-la  and  increases  its  stability  and  function 
(14,15).  Therefore,  agents  that  block  PI3K/Akt  and  MAPK  signaling  pathways  and/or 
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Hsp90  function  are  likely  candidates  to  inhibit  tumor  angiogenesis  via  decreasing  HIF-la 
and  VEGF  expression. 

The  studies  reported  herein  demonstrate  that  FTI  SCH66336  has  antiangiogenic 
activity  in  aerodigestive  tract  cancers,  including  NSCLC  and  HNSCC.  The  FTIs,  either 
alone  or  in  combination  with  other  apoptotic  agents,  have  shown  a  very  encouraging 
capacity  to  cause  tumor  regression  in  mice  bearing  human  NSCLC  (16)  or  HNSCC 
(unpublished  data).  However,  the  mechanism  of  action  of  SCH66336  is  not  completely 
understood.  Here  in  this  report,  we  demonstrate  that  SCH66336  has  inhibitory  effects  on 
the  angiogenesis-stimulating  activities  of  aerodigestive  tract  cancer  cells,  including 
NSCLC  and  HNSCC  cells. 

When  CM  from  the  SCH66336-treated  HNSCC  cells  were  used,  in  vivo 
angiogenesis  were  significantly  inhibited,  as  shown  by  the  mouse  Matrigel  plug  assays. 
Furthermore,  compared  with  CM  from  NSCLC  and  HNSCC  cells,  CM  from  the  cells 
treated  with  SCH66336  in  either  hypoxic  or  normoxic  conditions  showed  a  reduced 
ability  to  stimulate  endothelial  cell  sprouting  from  chick  aortas  and  proliferation  and 
morphogenesis  of  HUVECs.  These  antiangiogenic  actions  of  SCH66336  in  aerodigestive 
tract  cancers  could  be  due  to  blocking  famesylation  of  Ras  or  inducing 
geranylgeranylation  ot  RhoB  (33).  However,  none  of  the  cells  used  in  our  study  has  ras 
mutations  (16,34).  Moreover,  the  antiangiogenic  activities  of  SCH66336  were  unchanged 
when  H-Ras  or  RhoB  expression  was  knockdown  by  transfection  with  H-Ras  or  RhoB 
small  interference  RNA  (unpublished  data),  indicating  the  presence  of  other  targeted 
proteins  which  are  yet  to  be  identified. 

In  our  ongoing  efforts  to  identify  the  mechanisms  of  antiangiogenic  action  of 
SCH66336,  we  observed  that  FTIs  inhibit  HIF-la  protein  in  NSCLC  and  HNSCC  lines 
and  HUVECs.  Since  the  importance  of  HIFla  and  VEGF  on  survival  of  endothelial  cells 
have  recently  demonstrated  (Cancer  Cell  6:485  (2004.L  Cohen),  we  hypothesized  that 

loss  of  HIF-la  by  SCH66336  in  these  cells  disrupts  HIF- la-driven  VEGF-induced 
autocrine  and  paracrine  loops,  inhibiting  endothelial  cell  proliferation  and  suppressing 
tumor  angiogenesis.  In  support  of  our  hypothesis,  SCH66336  inhibited  VEGF  expression, 
which  is  well-correlated  with  HIF-la  protein  level,  in  hypoxic,  normoxic  IGF-stimulated, 
of  normoxi  unstimulated  NSCLC,  HNSCC,  and  HUVECs.  Moreover,  SCH66336  directly 
inhibited  proliferation  of  HUVECs. 

under  normoxic  and  hypoxic  conditions  via  its  effects  on  the  PI3K/Akt  pathway. 

further  performed  series  of  experiments  to  investigate  the  effects  of  SCH66336  on 
HIF-la  levels  in  these  aerodigestive  tract  cancer  cells. 

SCH66336  induced  a  decrease  in  HIF-la  levels  in  aerodigestive  tract  cancer  cells 
under  normoxia  and  hypoxia.  It  also  reduced  the  half-life  of  the  HIF-la  protein,  and 
ubiquitin  inhibitors  protected  the  HIF-la  protein  from  SCH66336-mediated  degradation 
in  normoxic  insulin  growth  factor  l(IGF)-stimulated  or  hypoxic  cells. 

Since  serum  in  growth  medium  for  cancer  cells  contains  many  growth  factors,  we 
next  tested  the  effects  of  CM  from  HI 299  cells  treated  with  SCH66336  in  serum-free 
medium  containing  IGF  and  observed  similar  patterns  of  decrease  in  HUVECs 
proliferation  by  the  CM. 
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Since  the  half-life  of  the  HIF-la  protein  was  decreased  by  SCH66336  in  CHX-treated 
cells  and  the  SCH66336-mediated  decrease  in  HIF-la  protein  level  was  blocked  by 
MG  132,  a  proteasome  inhibitor,  we  have  focused  on  the  mechanisms  that  mediate 
posttranslational  degradation  of  HIF-la  by  SCH66336. 

We  first  reasoned  that  SCH66336-mediated  HIF-la  regulation  could  be  at  least  in 
part  due  to  decreased  MAPK  and  PI3K/Akt  activities,  considering  that  1)  MAPK  and 
PI3K/Akt  pathways  have  critical  roles  in  HIF-la  expression;  2)  SCH66336  inhibited 
activation  of  MAPK  and  Akt  in  hypoxic-  and  normoxic-IGF-stimulated  HI  299  cells;  and 
3)  expression  of  HIF-la  was  remarkably  increased  in  HI 299  cells  by  constitutive 
activation  of  MAPK  and  Akt  in  both  hypoxic  and  normoxic  conditions.  However, 
overexpression  of  constitutively  active  Akt  or  constitutively  active  MEK1  failed  to 
overcome  the  SCH66336-mediated  decrease  in  HIF-la  protein  level,  indicating  that 
ettects  of  SCH66336  on  HIF-la  protein  levels  may  be  independent  of  its  inhibitory 
effects  on  PI3K/Akt  and  MAPK  pathways.  We  also  studied  whether  VHL  is  implicated  in 
the  SCH66336-mediated  decrease  in  HIF-la  protein  level,  since  VHL  has  an  important 
role  in  ubiquitin-mediated  degradation  of  HIF-la  in  normoxia;  HIF-la  is  constitutively 
stabilized  in  normoxic  tumors  and  in  cell  lines  that  are  VHL-null  or  express  a 
nonfunctional  mutant  torm  of  VHL  (25).  However,  VHL  protein  expression  and  its 
binding  to  HIF-la  were  not  influenced  by  SCH66336  treatment,  and  down-regulation  of 
HIF-la  expression  was  still  inhibited  by  SCH66336  in  H1299  cells  treated  with 
SCH66336.  Therefore,  it  seems  reasonable  to  postulate  that  mechanisms  other  than 
inactivation  of  MAPK,  PI3K/Akt,  or  VHL  exist  for  the  regulation  of  HIF-la  in  response 
to  SCH66336  treatment. 

Since  Hsp90  has  also  been  shown  to  have  an  important  role  in  HIF-la  stability, 
Hsp90  was  another  candidate  as  targets  of  FTI  function.  Hsp90  binds  to  HIF-la  and 
prevents  its  ubiquitination  and  proteasome-mediated  degradation  independently  of  both 
oxygen  and  VHL  (15).  Geladanomycin,  which  specifically  binds  in  the  NH2-terminal 
A  TP  binding  site  of  Hsp90  and  inhibits  Hsp90-dependent  ATPase  activity,  induces 
destabilization  and  degradation  of  HIF-la  (Nicola  J.  Mabjeesh,  Dawn  E.  Post,  Margaret 
T.  Willard,  Balveen  Kaur,  Erwin  G.  Van  Meir,  Jonathan  W.  Simons2  and  Hua  Zhong. 
Geldanamycin  Induces  Degradation  of  Hypoxia-inducible  Factor  1  □  Protein  via  the 
Proteosome  Pathway  in  Prostate  Cancer  Cells1  Cancer  Research  62,  2478-2482,  May  1, 
2002).(Jennifer  S.  Isaacs,  Yun-Jin  Jung,  Edward  G.  Mimnaugh,  Alfredo  Martinez,  Frank 
Cuttitta,  and  Leonard  M.  Neckers.  Hsp90  Regulates  a  von  Hippel  Lindau-independent 
Hypoxia-inducible  Factor- ld-degradative  Pathway.  J.  Biol.  Chem.,  Vol.  277,  Issue  33, 
29936-29944,  2002).  Data  from  our  study  revealed  that  overexpression  of  Hsp90  via 
infection  by  an  adenoviral  vector  completely  blocked  SCH66336-mediated  decrease  in 
HIF-la  in  hypoxic-  and  normoxic-IGF-stimulated  HI 299  cells.  Moreover,  SCH66336 
induced  dissociation  of  HIF-la  Irom  Hsp90  before  HIF-la  protein  levels  decreased  in 
these  cells.  Therefore,  it  is  likely  that,  in  normoxic  conditions,  most  of  growth  factor- 
induced  HIF-la  is  changed  to  a  hydroxylated  form,  binds  to  VHL,  degraded  by  the 
ubiquitin-mediated  proteasome  (Fig.8).  HIF-la  that  remained  bound  to  Hsp90  and  thus 
protected  could  function  as  a  transcription  factor  for  VEGF.  We  also  observed  that 
overexpression  of  Hsp90  could  restore  HIF-la  protein  levels  in  HI 299  cells  treated  with 
SCH66336  under  hypoxia.  These  data  demonstrates  that  Hsp90  is  required  to  chaperone 
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growth  factor-  and  hypoxia-induced  HIF-la  protein  in  normoxiaas  well  as  in  hypoxia. 
These  data  also  point  to  novel  oxygen-independent  E3  ubiquitin  ligases  working  in 
hypoxic  conditions.  We  are  currently  screening  several  candidate  E3  enzymes,  such  as 
mdm2  and  Hsp90/Hsp70-binding  ubiquitin  ligase  CHIP  (carboxyl  terminus  of  Hsc70- 
interacting  protein)  (38,39)  in  an  effort  to  identify-  the  oxygen-independent  ubiquitin 
ligase  responsible  for  SCH66336-induced  ubiquitination  of  HIF-la.  Importantly, 
although  HIF-la  protein  expression  was  decreased  by  the  SCH66336  treatment. 

overexpression  of  Hsp90  did  not  protect  unstimulated  HI 299  cells  from  SCH66336- 

induced  HIF-la  protein  degradation  under  normoxia.  This  demonstrates  conclusively  that 

constitutivelv  expressed  HIF-la  protein  in  unstimulated  HI 299  cells  was  regulated  by 

SCH66336  in  Hsp90-independent  mechanisms. 

In  conclusion,  we  provide  evidence  here  for  the  first  time  that  SCH66336,  a  FTI, 
has  potent  antiangiogenic  activity  in  aerodigestive  tract  cancers,  including  NSCLC  and 
HNSCC.  We  show  that  (1)  SCH66336  reduces  HIF-la  protein  expression  and 
consequently  inhibits  VEGF  expression  in  hypoxic,  normoxic  IGF-induced,  and 
normoxic  unstimulated  HI 299  cells.  (2)  SCH66336  inhibits  normoxic  IGF-induced  or 
hypoxia-accumulated  HIF-la  protein  expression  via  ubiquitination  and  proteasome- 
mediated  degradation  pathway;  (3)  degradation  of  HIF-la  protein  by  SCH66336  is 
independent  of  VHL  and  PI3K/Akt  and  MAPK  pathways  both  in  normoxic  and  hypoxic 
conditions.;  (4)  FIsp90  associates  with  normoxic  IGF-induced  or  hypoxia-accumulated 
HIF-la  protein,  and  SCH66336  inhibits  this  interaction.  Important  role  of  Hsp90  in 
maintaining  HIF-la  stability  has  been  previously  documented,  insofar  as  Hsp90 
inhibitors  cause  ubiquitination  of  HIF-la,  targeting  to  the  proteasome,  and  degradation 
(15,36,37,40,41).  Therefore,  SCH66336-mediated  blockade  of  the  interaction  between 
Hsp90  and  HIF-la  may  be  quite  significant  in  decreasing  HIF-la  expression  and  thus 
VEGF  gene  transcription  in  normoxic  IGF-induced  and  hypoxic  cells.  Interestingly, 
SCH66336-induced  decrease  in  HIF-la  protein  expression  and  HIF-la/Hsp90 
interaction  in  normoxia  was  not  restored  by  overexpression  of  Hsp90,  which  may 
indicate  that  the  SCH66336  effect  on  HIF-la  expression  could  be  through  Hsp90- 
independent  pathways  rather  than  mechanism  involving  the  direct  interaction  between 
HIF-la  and  Hsp90.  The  data  presented  here,  however,  support  a  significant  role  for 
Hsp90  in  the  regulation  of  HIF-la  and  VEGF  expression  by  SCH66336. 

Overexpression  of  HIF-la  protein  has  been  demonstrated  in  a  variety  of  human 
cancers  including  aerodigestive  cancer,  in  which  HIF-la  protein  overexpression  is 
associated  with  poor  prognosis  (18,42-47).  Disruption  of  HIF-la  transcriptional  activity 
has  shown  therapeutic  activity  in  xenograft  models  of  colon  and  breast  cancers  (8). 
SCH66336  suppressed  HIF-la  protein  levels  at  a  concentration  less  than  5  pM,  which  is 
considerably  below  the  concentration  reported  to  be  achievable  in  vivo  (about  8  pM)  in 
mice  given  a  single  oral  dose  of  25  mg/kg  SCH66336  (35).  Taken  together,  these  data 
provide  an  important  new  rationale  for  the  use  of  FTIs  as  an  inhibitor  of  tumor 
angiogenesis  in  aerodigestive  tract  cancer,  which  depends  in  part  on  HIF-1 
overexpression  for  tumor  angiogenesis.  Since  FTIs  are  not  specific  for  HIF-la,  their 
inhibition  of  HIF-la  and  decrease  in  VEGF  could  be  circumstantial  and  additional  inhibitory 
pathways  could  be  involved.  Further  investigations  on  the  action  mechanism  of  decrease  in 
HIF-la  expression  and  their  relatedness  with  VEGF  production  are  required.  In  addition. 
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the  role  of  other  VEGF-inducing  transcription  factors  in  HIF-la  regulation  by  SCFI66336 
(9)  needs  to  be  studied. 
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Figure  Legends 


Fig.  1.  Antiangiogenic  activities  of  SCH66336  in  aerodigestive  tract  cancer.  A.  Matrigel  plugs, 
which  were  mixed  with  EBM  as  a  negative  control  or  CM  from  SCH66336-treated  or  untreated 
UMSCC38  cells,  were  injected  subcutaneously  into  mice.  After  a  7-day  incubation,  the  Matrigel 
plugs  were  recovered.  One  representative  experiments  from  two  separate  experiments  was 
shown.  B.  Endothelial  cell  sprouting  from  chick  aortic  rings,  incubated  with  CM  from  untreated 
or  SCH66336-treated  HI  299  cells,  was  evaluated.  Scoring  of  angiogenic  activity  was  based  on  a 
scale  of  0  to  4  units,  and  the  results  are  expressed  as  means  +  SD  from  six  samples.  The  error 
bars  represent  95%  confidence  intervals.  **,  P<0.0\  compared  with  negative  control.  Shown  is  a 
representative  group  from  each  condition.  Con,  control.  C.  Angiogenic  activities  of  CM  from 
HI 299  cells  were  tested  by  tube  formation  assay.  HUVECs  were  seeded  onto  Matrigel -coated 
12-well  plates  and  treated  with  CM  from  H1299  cells  treated  with  SCH66336  (5  pM)  in  hypoxia 
or  normoxia.  After  24  hours,  images  of  capillary  tube  formation  were  captured,  and  tube 
formation  was  scored  in  one  x4  microscopic  field  as  follows:  one  tube  was  designated  as  a  three- 
branch  point  event.  Data  are  shown  as  the  means  ±  SD  of  two  independent  experiments  with  all 
of  the  samples  in  triplicate.  •**,  PO.OOl  compared  with  control.  D.  HUVECs  were  allowed  to 
grow  in  EBM  (a  negative  control)  or  EBM  containing  CM  from  H1299  cells  that  were  untreated 
or  treated  with  5uM  of  SCH66336  for  3  days,  and  then  unstimulated  or  stimulated  by  hypoxia 
(1%  O2)  or  IGF-I  (lOOng/ml)  for  4  hours.  Cell  proliferation  was  analyzed  by  MTT  assay.  Results 
are  expressed  as  percentages  ±  SD.  Independent  experiments  were  repeated  three  times,  and 
each  value  indicates  the  mean  ±  SD  of  eight  samples.  The  error  bars  represent  95%  confidence 
intervals.  **,  PO.Ol;  ***,  P<Q.00\  compared  with  negative  control. 

Fig.  2.  Role  of  HIF-la  in  the  angiogenic  in  the  antiangiogenic  activities  of  FTIs  in  aerodigestive 
tract  cancer  cells.  A.  Role  of  HIF-la  in  the  VEGF  expression  in  NSCLC  cells  were  examined. 
Immunoblot  assays  on  HIF-la  and  HIF-lp  were  performed  in  HI 299  cells  that  were 
untransfected  or  transfected  with  indicated  scrmbled  (Scr)  or  HIF-la  siRNA  and  then  incubated 
under  normoxia  or  hypoxia  for  2  d  (left).  p-Actin  protein  was  detected  as  loading  control  for 
western.  The  CM  from  these  cells  were  used  for  the  western  blot  analysis  on  VEGF  expression. 
Equal  amount  of  protein  in  each  CM  was  confirmed  by  Panceau  staining  of  the  membrane  after 
the  transfer.  B.  Role  of  W-ras  and  hypoxia  in  the  induction  of  HIF-la  expression  in  HI 299  cells 
were  examined.  Semiquantitative  RT-PCR  analysis  on  H-ras  and  GAPDH  mRNA  expression 
and  immunoblot  assays  on  H-Ras,  HIF-la  or  HIF-lp,  and  P-Actin  were  performed  in  HI 299 
cells  that  were  untransfected  or  transfected  with  Scr  or  H -ras  siRNA  and  then  incubated  under 
normoxia  or  hypoxia  for  2  d  (left).  C.  Kinetics  of  HIF-la  induction  by  IGF-I  was  tested  in 
H1299  cell.  Cells  exposed  to  IGF-I  (lOOng/ml)  for  indicated  time  periods  were  harvestred  and 
subjected  to  the  western  blot  analysis  on  HIF-la  and  HIF-lb.  D.  Effect  of  SCH66336  on  HIF-la 
and  Hl-lb  expression  in  hypoxic-,  normoxic  IGF-stimulated,  or  unstimulated  H1299  cells  were 
tested  by  western  blot  analysis.  HI 299  cells  were  untreated  or  pretreated  with  5  pM  SCH66336 
for  indicated  time  periods  or  with  1  or  5  pM  SCH66336  for  3  days  in  complete  medium  in 
normoxia.  Otherwise  cells  were  treated  same  way  for  2  days  in  complete  media  and  for  1  day  in 
serum- free  medium,  and  then  exposed  to  1%  Ot  or  IGF-1  for  4hours.  Whole-cell  extracts  were 
subjected  to  immunoblot  assays  using  antibodies  specific  for  HIF-la,  HIF-lp,  or  p-Actin.  E,F. 
HI 299  cells  (E)  or  UMSCC  38  cells  (F)  treated  with  SCH66336  or  FTI-277  in  complete  medium 
for  3  days  under  normoxia  or  cells  pretreated  with  FTI-277  (0.5-5  pM)  for  2days  in  complete 
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medium  and  continuously  for  1  day  in  serum  free  medium,  and  then  exposed  to  1%  O2  or 
lOOng/mL  of  IGF-I  4  hours.  Whole-cell  extracts  were  prepared  and  subjected  to  immunoblot 
assays  using  antibodies  specific  for  HIF-la  and  HIF-lp.  G.  Semiquantitative  RT-PCR  analysis 
on  VEGF  mRNA  expression  were  performed  in  HI 299  cells  that  were  pretreated  with  1  or  5  pM 
SCH66336  for  2  days  in  complete  medium  and  1  day  in  serum  free  medium  and  then  exposed  to 
1%  O2  or  IGF-1  (100  ng/ml)  for  4  hours  or  in  cells  continuously  treated  with  5  pM  SCH66336  in 
complete  medium  for  3  days. 

Fig.  3.  The  effects  of  SCH66336  on  HIF-la  and  VEGF  expression,  tube  formation, 1  proliferation 
of  HUVECs  were  analyzed.  A.  HUVECs  were  pretreated  with  SCH66336  (5  pM)  for  2  days  in 
complete  medium  and  1  day  in  serum  free  medium  and  then  exposed  to  1%  O2  or  IGF-1  (100 
ng/ml)  for  4  hours  or  continuously  treated  with  SCH66336  in  complete  medium  for  3  days. 
Whole-cell  extracts  were  prepared  and  subjected  to  immunoblot  assays  using  antibodies  specific 
for  HIF-la  and  FIIF-ip.  B.  HUVECs  untreated  or  treated  with  SCH66336  (5  pM)  for  1  d  were 
seeded  onto  Matri gel-coated  12-well  plates.  After  6  hours,  images  of  capillary  tube  formation 
were  captured,  and  tube  formation  was  scored  in  one  x4  microscopic  field  as  follows:  one  tube 
was  designated  as  a  three-branch  point  event.  Data  are  shown  as  the  means  ±  SD  of  two 
independent  experiments  with  all  of  the  samples  in  triplicate.  ...,  RO.OOl  compared  with 
control.  C.  HUVECs  were  allowed  to  grow  in  complete  medium  containing  indicated 
concentrations  of  SCH66336  in  hypoxia  (20%  02)  or  in  normoxia  (1%  02)  for  3  days.  Cell 
proliferation  was  analyzed  by  MTT  assay.  Results  are  expressed  as  percentages  ±  SD. 
Independent  experiments  were  repeated  three  times,  and  each  value  indicates  the  mean  ±  SD  of 
eight  samples.  The  error  bars  represent  95%  confidence  intervals.  **,  P<0.01;  ***,  RO.OOl 
compared  with  negative  control. 


Fig.  4.  Inhibition  of  HNSCC  growth  by  SCH66336.  A:  Effect  of  SCH66336  on  growth  of 
orthotopic  tongue  tumors.  Photograph  of  normal  tongue  from  nude  mice  that  were  not 
inoculated  with  UMSCC38  cells  is  shown  on  the  left.  Orthotopic  tongue  tumors  from  control 
(middle)  and  SCH66336-treated  (right)  nude  mice  on  day  28  after  injection  of  UMSCC38  cells 
are  shown.  B:  The  results  are  expressed  as  the  mean  (+SD)  tumor  volumes  (calculated  from  five 
mice)  relative  to  the  tumor  volumes  at  the  time  of  SCH66336  treatment  (day  14).  **,  P  <  0.01 
compared  with  control  (left).  Changes  in  body  weight  during  SCH66336  treatment  was  shown 
(middle).  C:  Immunohistochemical  analysis  by  CD31  on  VEGF  and  HIF-la  was  performed  in 
UMSCC38  orthotopic  tongue  tumor  tissues  from  HPCD-treated  control  (Con)  and  SCH66336- 
treated  nude  mice  on  day  28  after  injection  of  UMSCC38  cells. 

Fig.  5.  Effect  of  SCH66336  on  the  proteasomal  degradation  of  hypoxia-  or  IGF-l-induced  HIF- 
la  protein.  A.  Total  cellular  RNA  was  isolated  and  HIF-la  mRNA  expression  analyzed  by 
semiquantitative  RT-PCR.  B.  HI 299  cells  pretreated  with  5  pM  SCH66336  in  complete  medium 
for  2  and  in  serum  free  medium  for  1  day  were  exposed  to  1%  02  or  100  ng/ml  IGF-1  for  4 
hours,  and  then  cycloheximide  (CHX)  was  added  to  a  final  concentration  of  100  pM.  Cells  were 
harvested  at  the  indicated  time  points,  and  whole-cell  lysates  were  subject  to  immunoblot  assay 
of  HIF-la  and  HIF-ip  expression.  Quantification  of  the  autoradiographic  HIF-la  signal  was 
performed  by  densitometry  (bottom).  Values  were  normalized  to  the  expression  of  HIF-lp  and 
expressed  as  percentages  relative  to  time  0.  C.  HI 299  cells  were  untreated  or  treated  with  5  pM 
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SCH66336  for  3  days  and  then  incubated  with  or  without  MG  132  (10  pM)  or  ALLN  (50  pM)  for 
4  hours  in  hypoxic  (1%  02)  and  normoxic  (lOOng/ml  IGF-1)  conditions.  Whole-cell  extracts 
were  prepared  and  subjected  to  immunoblot  assays  using  antibodies  specific  for  HIF-la  or  (5- 
Actin.  D.  HIF-la  ubiquitination  was  analyzed  by  using  whole-cell  extracts  from  HI 299  cells  that 
were  untreated  or  treated  with  5  pM  SCH66336  for  3  days  and  then  incubated  with  or  without 
MG  132  (10  pM)  for  4  hours  in  hypoxic  (1%  02)  or  normoxic  (100  ng/ml  IGF-1)  conditions.  The 
same  amounts  of  whole-cell  extracts  were  immunoprecipitated  with  an  anti-HIF-la  antibody, 
and  immunoprecipitates  were  washed  and  subjected  to  electrophoresis  and  western  blot  analysis 
using  an  anti-ubiquitin  (Ub)  antibody.  Whole-cell  extracts  from  MG132-treated  cells  in 
normoxic  conditions  were  immunoprecipitated  with  preimmune  rabbit  serum  (PS)  and  included 
as  a  negative  control. 

Fig.  6.  Role  of  VHL,  MAPK,  PI3K/Akt  in  SCH66336-mediated  inhibition  of  HIF-la  protein.  A. 
Wrhole-celI  extracts  were  prepared  from  HI 299  cells  that  were  untreated  or  treated  with  5  pM 
SCH66336  for  3  days  and  then  exposed  to  hypoxia  or  IGF-I(100ng/mL)  for  4  hours  or 
unstimulated,  as  described  in  the  Materials  and  Methods.  Whole  cell  lysates  were  collected  and 
western  blot  analysis  of  VHL  and  P-Actin  was  performed.  B.  Western  blot  analysis  Was 
performed  in  HI 299  cells  that  were  transfected  with  Scr  or  VHL  siRNA,  incubated  with  5  pM 
SCH66336  in  complete  medium  for  2  d  and  in  serum  free  medium  for  1  day,  and  then  exposed  to 
1%  02  or  100  ng/ml  IGF-1  for  4  hours  under  normoxia  or  in  cells  continuously  treated  with  5 
pM  SCH66336  in  complete  medium  for  3d  in  normoxia.  C.  FI  1299  cells  were  incubated  with  5 
pM  SCH66336  in  complete  medium  for  2  d  and  in  serum  free  medium  for  1  day,  and  then 
exposed  to  1%  02  or  100  ng/ml  IGF-1  for  4  hours  under  normoxia  or  in  cells  continuously 
treated  with  5  pM  SCH66336  in  complete  medium  for  3d  in  normoxia.  Whole-cell  extracts  were 
subjected  to  immunoblot  assays  using  antibodies  specific  for  unphosphorylated  or 
phosphorylated  p42/p44  MAP  kinase  and  Akt.  D-F.  HI 299  cells  were  infected  with  50  pfu/cell 
of  control  adenovirus  (EV),  an  adenoviral  vector  (Ad-HA-MyrAkt)  that  expresses  constitutively 
active  Akt  (MyrAkt)  with  a  hemagglutinin  (HA)  tag  (upper  panel),  or  an  adenoviral  vector  that 
expresses  constitutively  active  MEK1  (Ad-MEKl)  (lower  panel).  Infected  cells  were  treated  with 
indicated  concentrations  of  SCH66336  for  2  days  in  complete  media  and  for  1  day  in  serum-free 
medium  and  then  exposed  to  1%  02  (D)  or  100  ng/ml  IGF-1  (E)  for  4  hours.  Cells  infected  and 
treated  with  SCH66336  were  also  incubated  in  complete  medium  for  3  days  (F).  The  expression 
levels  of  HIF-la,  phosphorylated  glycogen  synthase  kinase  (pGSK)-3p.and  unphosphorylated 
GSK-3p,  HA,  MEK.1,  unphosphorylated  or  phosphorylated  p42/p44  MAP  kinase,  or  P-Actin 
were  analyzed  by  western  blot  analysis. 

Fig.7.  Effects  of  SCH66336  on  Hsp90-mediated  stabilization  of  HIF-la.  A.  Effect  of  Ad-Hsp90 
on  HIF-la  protein  level  in  SCH66336-treated  HI 299  cells  was  analyzed.  After  infection  with 
EV  or  Ad-Hsp90-HA  (50  pfu/cell),  HI 299  cells  were  untreated  or  treated  with  various 
concentrations  of  SCH66336  (1-5  pM)  for  3  days.  After  exposure  to  1%  O?  or  100  ng/ml  IGF-1 
lor  4  hours,  the  expression  levels  of  FLA,  HIF-la,  and  P-Actin  were  analyzed  by  western  blot 
analysis.  B.  Cells  were  pretreated  for  3  days  with  1  or  5  pM  SCH66336  and  then  exposed  to  1% 
02  or  IGF-1  (100  ng/ml)  tor  4  hours.  Whole-cell  extracts  were  prepared  and  subjected  to 
immunoblot  assays  using  antibodies  specific  for  Hsp90  and  p-Actin.  C.  The  effects  of 
SCH66336  on  the  interaction  between  HIF-la  and  Hsp90  in  HI 299  cells  were  analyzed.  HI 299 
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cells  exposed  to  1%  O2  or  100  ng/ml  IGF-1  for  4  hours  were  treated  with  5  pM  SCH66336  for 
indicated  time  periods.  Cells  were  harvested  and  whole-cell  extracts  were  immunoprecipitated 
with  an  anti-Hsp90  antibody;  western  blot  analysis  was  performed  on  immunoprecipitates  using 
an  anti-HIF-la  antibody.  Whole-cell  extracts  from  IGF-1 -treated  cells  in  normoxic  conditions 
were  immunoprecipitated  with  preimmune  rabbit  serum  (PS)  and  included  as  a  negative  control. 
The  position  of  HIF-la  was  confirmed  by  western  analysis  on  whole-cell  extracts  without 
immunoprecipitation.  The  same  samples  were  used  for  western  analysis  of  HIF-la. 

Fig.  8.  Schematic  representation  of  the  cell  signaling  events  leading  to  ubiquitin-mediated 
degradation  of  HIF-la  and  inhibition  of  VEGF  protein  expression  by  SCH66336  in 
aerodigestive  tract  cancer  cells.  In  normoxic  conditions,  a  major  portion  of  HIF-la  becomes 
hydroxylated  by  proline  hydroxylase,  binds  to  VHL,  and  then  is  subjected  to  ubiquitin-mediated 
proteasome  degradation.  However,  a  minor  portion  of  HIF-la,  which  is  stabilized  by  binding  to 
Hsp90,  still  translocalizes  to  the  nucleus  and  combines  with  HIF-1(3  to  form  an  active 
transcription  factor.  This  heterodimer  binds  to  the  VEGF  promoter  and  activates  VEGF 
expression  and  secretion,  and  thus  angiogenesis  can  be  stimulated  in  normoxic  conditions. 
SCH66336  also  inhibits  the  interaction  between  HIF-la  and  Hsp90  both  in  hypoxic  condition 
and  induces  ubiquitin-mediated  proteasome  degradation,  which  results  in  a  decrease  in  VEGF 
expression  and  inhibition  of  tumor  angiogenesis. 
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Abstract 


Nucleotide  excision  repair  (NER)  plays  a  key  role  in  maintaining  genomic  stability.  In  this  pilot 
study,  we  quantified  NER  protein  levels  by  a  reverse-phase  protein  microarray  in  cultured 
lymphocytes  transfected  with  damaged  plasimids  in  57  patients  with  newly  diagnosed  squamous 
cell  carcinoma  of  head  and  neck  (SCCHN)  and  63  cancer-free  controls.  We  tested  the  hypothesis 
that  NER  protein  expression  is  associated  with  risk  of  SCCHN.  We  found  that  in  63  controls,  the 
relative  expression  levels  of  the  six  core  NER  proteins  were  highly  correlated  ( P  <  0.001  for  all). 
Compared  with  the  controls,  the  cases  had  lower  expression  levels  of  all  the  NER  proteins, 
particularly  XPC  and  XPF,  which  had  a  greater  than  25%  reduction  (P  <  0.01).  When  we  used 
the  median  expression  levels  of  the  NER  proteins  as  the  cut-off  value,  significantly  increased 
risk  of  SCCHN  was  associated  with  low  expression  levels  of  XPA  (odds  ratio  (OR)  =  2.99;  95% 
confidence  interval  (Cl)  =  1.22-7.47),  XPC  (OR  =  2.46;  95%  CI=  1 .04-5.87),  XPD  (OR  =  3.03; 
95%  CI=1 . 1 8-7.76)  and  XPF  (OR  =  5.29;  95%  Cl  =  2.01-13.9)  but  not  ERCC1  and  XPG  after 
adjustment  for  age,  sex,  ethnicity,  smoking  and  alcohol  use.  When  a  multivariate  logistic 
regression  model  included  all  NER  proteins,  only  low  expression  level  of  XPF  remained  as  a 
significant  predictor  for  the  risk  of  SCCHN  (OR  =11.5;  95%  Cl  =  2.32-56.6).  These  results 
suggest  that  this  protein  microarray  assay  may  provide  a  useful  tool  for  measuring  protein 
markers  for  susceptibility  to  cancer. 
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Introduction 


SCCHN,  which  includes  cancers  of  the  oral  cavity,  pharynx,  and  larynx,  is  a  common 
malignancy  with  an  estimated  number  of  more  than  500,000  new  cases  worldwide  (1).  In  the 
United  States,  approximately  37,200  new  SCCHN3  cases  and  1 1,000  SCCHN  deaths  occurred  in 
2003  (2).  Many  factors  contribute  to  SCCHN,  including  tobacco  smoking  (3),  alcohol  use  (4), 
viral  infection  (5,)  and  genetic  factors  (6).  Although  smoking  and  alcohol  use  play  a  major  role 
in  the  etiology  of  SCCHN,  only  a  fraction  of  smokers  and  drinkers  develop  SCCHN,  suggesting 
that  there  is  inter-individual  variation  in  genetic  susceptibility  to  SCCHN  in  the  general 
population. 

Cellular  DNA  is  constantly  bombarded  by  various  endogenous  and  exogenous  damaging  agents, 
some  of  which  are  recognized  carcinogens  as  contained  in  tobacco.  During  evolution,  species  of 
all  living  organisms  developed  sophisticated  DNA  repair  pathways  and  mechanisms  with  which 
to  battle  genomic  insults  from  these  environmental  hazards  to  maintain  genomic  integrity  and 
thus  to  survive.  Tobacco  smoke  contains  numerous  known  compounds,  many  of  which  are 
mutagenic  and  carcinogenic.  These  carcinogens  induce  DNA  adducts  are  repaired  by  nucleotide 
excision  repair  (NER),  one  of  the  most  important  pathways  of  DNA  repair  (7). 

A  number  of  critical  genes, including  seven  so-called  core  factors  (ERCC1,  XPA,  XPB,  XPC, 
XPD,  XPF  and  XPG)  participate  in  NER  activity  (7),  and  functional  mutations  in  any  one  of  the 
seven  genes  can  lead  to  abnormal  NER  and  therefore  increase  susceptibility  to  cancer  (8).  NER 
abnormalities  are  present  in  several  rare  syndromes  that  are  characteristic  of  deficient  NER 
coupled  with  high  ultraviolet  (UV)  light  sensitivity  and  increased  cancer  risk  (9).  For  example, 
xeroderma  pigmentosum  (XP)  patients,  who  have  mutations  in  at  least  one  of  seven  XP  (i.e., 
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NER)  genes,  are  extremely  sensitive  to  sunlight-induced  skin  damage.  Consequently,  these 
patients  have  extremely  high  incidences  of  nonmelanoma  skin  cancer  and  melanoma  as  well  as 
other  solid  tumors  (9). 

In  previous  studies,  we  demonstrated  that  reduced  DRC  as  measured  by  the  host-cell  reactivation 
assay  (10)  and  low  reduced  mRNA  expression  levels  (l  1)  of  the  NER  genes  in  lymphocytes 
were  associated  with  increased  risk  of  SCCHN.  In  this  report,  we  used  a  proteomic  microarray 
assay  to  measure  lymphocytic  expression  of  the  NER  proteins  in  a  pilot  case-control  study  to  test 
the  hypothesis  that  reduced  expression  of  NER  proteins  are  associated  with  increased  risk  of 
SCCHN. 

Materials  and  Methods 

Subject  recruitment  and  sample  procurement.  This  was  a  pilot  study  that  utilized  previous 
cryopreserved  viable  peripheral  blood  lymphocyte  samples  from  an  ongoing  case-control  study 
of  SCCHN.  The  samples  collection  started  since  years  2000.  The  selected  samples  were  those 
whose  lymphocytes  were  sufficient  enough  for  cell  culture  and  subsequent  transfection  of 
plasmids  with  and  without  damage  induced  by  diol  epoxide  benzo[a]pyene  (BPDE),  an  ultimate 
tobacco  carcinogen  we  previously  used  for  studying  host-cell  DRC  (12).  The  blood  sample 
processing,  preparation  of  plasmids,  and  transfection  have  been  described  in  detail  previously 
(12).  Briefly,  lymphocytes  were  isolated  from  whole  peripheral  blood  by  Ficoll  gradient 
centrifugation,  cryopreserved  within  24  h  by  using  freezing  medium,  and  then  stored  in  a  -80°C 
freezer  in  1 .5-ml  aliquots  until  thawed  for  the  assays. 
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Cell  culture  and  protein  preparation.  The  cryopreserved  cells  were  thawed  and  cultured  in  T- 
25  flasks  at  37°C  in  a  5%  CO2  atmosphere  in  regular  RPMI  1640  (Life  Technologies,  Inc.,  Grand 
Island,  NY)  supplemented  with  20%  fetal  bovine  serum  (Life  Technologies,  Inc.).  The  frozen 
cells  in  each  vial  (1.5  ml)  were  quickly  thawed  and  mixed  before  the  last  trace  of  ice  disappeared 
with  8.5  ml  of  thawing  medium  (50%  fetal  bovine  serum,  40%  RPMI  1 640,  and  1 0%  dextrose; 
Sigma  Chemical  Co.),  which  ensured  a  cellular  viability  of  >80%  as  tested  by  0.4%  trypan  blue 
(Sigma  Co.,  St.  Louis,  MO)  exclusion  test.  After  being  washed  with  the  thawing  medium,  the 
cells  were  incubated  in  RPMI  1640  supplemented  with  20%  fetal  bovine  serum  and  56.25|ig/ml 
phytohemagglutinin  (Murex  Diagnostics,  Norcross,  GA)  for  stimulation  at  37°C  for  72  h.  Only 
stimulated  lymphocytes  will  uptake  the  plasmids  (13)  and  have  active  NER  activities  (14,15). 

After  harvesting,  the  cells  (~1  x  106)  were  transfected  with  untreated  plasmids  (as  the  baseline 
for  comparison)  and  duplicate  transfections  with  BPDE-treated  plasmids.  The  transfections  were 
performed  by  the  DEAE-dextran  (Pharmacia  Biotech  Inc.,  Piscataway,  NJ)  method  with  -0.25 
pg  of  either  untreated  plasmids  or  plasmids  treated  with  BPDE.  In  consistency  with  the  protocol 
ol  the  host-cell  reactivation  assay  (12),  the  cells  were  harvested  for  protein  extraction  40  hours 
after  the  transfections.  This  procedure  is  critical  to  ensure  that  the  repair  process  was  challenged 
by  the  presence  of  damaged  plasmids  transfected  into  the  cells,  which  served  as  the  substrate  of 
repair  enzymes.  Thirty  microlitter  cell  suspension  (-1  x  105  cells)  from  each  individual  was 
mixed  with  10  pi  4x  SDS  sample  buffer  containing  50  mM  Tris-HCl  (pH  8.0),  150  mM  NaCI, 
0.1%  sodium  dodecyl  sulfate  (SDS)  and  1%  Triton  X-100  supplemented  with  a  protease  inhibitor 
cocktail  (Roche  Applied  Science,  Indianapolis,  IN).  The  cell  lysate  was  then  boiled  for  5  min  and 
stored  at  -80°  C  until  use. 
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Fabrication  of  reverse-protein  microarrays.  Proteins  extracted  from  the  cells  were  used  to 
fabricate  protein  microarrays.  The  samples  were  serially  diluted  to  1,2,  and  4  by  adding 
phosphate-buffered  saline  (PBS)  buffer  (pH  7.5)  to  final  protein  concentrations  range  from  initial 
1  mg/ml  reduced  to  0.025mg/ml.  The  serial  dilutions  were  transferred  to  384-well  plates  and  used 
to  spot  on  FASTIN1  slides  (Scheicher  &  schuell,  Germany)  by  using  SpotBot  Arrayer  (Telechem 
International,  Cupertine,  CA).  Each  sample  was  spotted  in  duplicate.  Fabricated  slides  were 
either  used  immediately  or  stored  at-20°C  until  use. 

Quantitative  analysis  of  protein  levels  using  reverse-protein  microarrays.  Antibodies  against 
XPD  and  XPG  were  purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA);  XPA,  XPC, 
and  XPF  from  Abeam  (Cambridge,  MA);  ERCC1  from  Novus  biological  (Littleton,  Co);  I3-Actin 
from  Sigma  (St.  Louis,  MO).  No  commercially  available  antibodies  against  XPB  were  specific 
enough  tor  this  study.  Briefly,  the  fabricated  slides  were  treated  with  Reblot  (Chemicon, 

Temeula,  CA)  for  15  min  and  subsequently  washed  twice  10  min  each  with  washing  buffer 
containing  300  mM  NaCL,  0.1%  Tween  20,  and  50mM  Tris  at  pH7.6  (TBS).  The  protein  arrays 
were  then  blocked  using  I-block  (Applied  Biosystem,  Foscor  city,  Ca)  for  30  min  at  room 
temperature.  The  primary  antibodies  were  diluted  based  on  their  affinities  tested  in  our 
preliminary  testing  (data  not  shown).  The  dilute  ratios  were  1 :300  for  XPA  and  ERCC1;  1 :500 
for  XPC,  XPD,  XPF,  and  XPG;  1:100,000  for  I3-Actin.  The  arrays  were  incubated  with 
individual  antibodies  for  1  h  at  room  temperature.  Secondary  antibodies  (Vector  Laboratories, 
Burlingame,  CA)  were  biotin-labeled  and  diluted  into  1:10,000  (anti-mouse,  anti-goat,  and  anti¬ 
rabbit,  respectively).  The  antibodies  were  added  to  the  slides  and  incubated  at  room  temperature 
for  30  min.  DAKO  catalyzed  signal  amplification  system-CSA  (DAKO  Corporation,  Carpinteria, 
CA)  was  used  to  enhance  signals  according  to  the  manufacturer’s  protocol  except  the  final  step 
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by  incubating  with  Cy5-conjugated  streptavidin  (1:1000  dilution)  (Jackson  Immuno  Research 
Laboratories,  West  Grove,  PA)  for  30  min.  The  arrays  were  washed  three  times  for  5  min  each 
with  TBS  after  each  incubation  step. 

Statistical  Analysis.  Signals  on  the  protein  microarrays  were  scanned  on  a  ScanArray  Lite 
microarray  scanner  (Perkin-Elmer  Life  Sciences.  Boston,  MA).  The  signal  intensity  of  each  spot 
and  its  background  signal  were  analyzed  using  ScanArray  Express  2.0  microarray  analysis 
system  (Perkin-Elmer  Life  Sciences)  “Run  easy  Quant  “  protocol.  The  final  data  were  stored  as 
tit.  filet  tor  further  analysis.  Any  scan-reading  value  under  2000  was  treated  as  missing  data.  The 
median  value  of  the  scan-reading  data  of  each  dot  of  a  gene  on  the  microarray  was  used  for  the 
calculation  of  the  mean  of  the  duplicates,  and  such  scan-reading  data  of  each  gene  relative  to  that 
ot  the  P-actin  gene  were  used  as  the  relative  expression  levels  of  each  gene.  The  Student  /  test 
was  used  to  compare  differences  in  mean  values  of  readings  for  each  gene  between  cases  and 
controls.  The  control  median  expression  value  was  used  as  the  cut-off  value  for  calculation  of 
odds  ratios  (ORs)  and  their  95%  confidence  intervals  (CIs).  Multivariate  logistic  regression 
models  were  used  to  calculate  the  adjusted  ORs  and  95%  CIs  with  adjustment  for  age  (in  years), 
sex  (male  vs  female),  ethnicity  (non-Hispanic  vs  others)  and  sample  storage  time  (in  months). 

All  statistical  analyses  were  performed  with  SAS  software  (version  8.0e;  SAS  Institute  Inc., 
Cary,  NC). 

Results 

Protein  microarray  data.  As  shown  in  Figure  1,  we  plotted  on  the  arrays  with  duplicate 
samples  consecutively  diluted  twice  for  each  subject.  The  average  of  the  duplicate  readings  of 
the  medians  was  used  in  calculation  of  the  relative  protein  expression  and  for  comparison. 


7 


Because  of  mechanical  problems  during  the  plotting,  some  protein  spots  were  missed  on  the 
arrays.  Therefore,  some  of  the  samples  did  not  have  valid  readings  for  all  the  proteins  examined. 
We  first  compared  the  sample  readings  for  different  dilutions  and  found  that  readings  from  spots 
with  lower  protein  concentrations  had  a  large  variation,  whereas  the  spots  with  higher  protein 
concentration  produced  consistent,  strong  and  readable  signals;  therefore  the  latter  was  used  for 
calculating  the  relative  expression  levels.  Then,  we  compared  the  relative  expression  levels  of 
these  samples  between  cells  tranfected  with  undamaged  plasmids  and  those  transfected  with 
damaged  plasmids  among  the  cases  and  controls.  We  found  that  the  data  from  the  samples 
transfected  with  damaged  plasmids  had  a  better  prediction  of  the  risk  based  on  the  comparisons 
(data  not  shown)  although  the  two  data  sets  were  highly  correlated  with  a  coefficient  ( P  <  0.01). 

I  heretore,  the  following  data  presentation  used  the  data  derived  from  cells  transfected  with 
damaged  plasmids  that  stimulated  DNA  repair  activity. 

Subject  characteristics.  This  analysis  included  57  patients  with  newly  diagnosed  SCCHN  and 
63  controls  who  were  free  of  cancer,  whose  cryopreserved  lymphocytes  were  available  for 
culture,  transfection,  and  protein  extraction.  The  cases  and  controls  were  frequency  matched  on 
age,  sex,  and  ethnicity.  As  shown  in  Table  1,  the  cases  were  slightly  younger  than  the  controls, 
and  there  were  more  males  and  non-Hispanic  whites  in  the  cases  than  in  the  controls,  but  these 
differences  were  not  statistically  significant.  The  mean  age  of  the  cases  was  56.2  years  compared 
with  57.2  years  of  the  controls  (Table  2).  However,  there  were  more  smokers  and  alcohol 
drinkers  in  the  cases  than  in  the  controls,  and  these  differences  were  statistically  significant  ( P  = 
0.006  and  P  =  0.009,  respectively).  Because  the  cases  were  recruited  first  and  the  controls  were 
recruited  later,  the  time  period  of  lymphocytes  storage  was  also  statistically  significantly 
different  ( 1 7.7  months  for  the  cases  and  1 3.2  months  for  the  controls;  P  =  0.0 1 3)  (Table  2). 
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Therefore,  all  these  variables  were  further  adjusted  for  in  the  multivariate  logistic  regression 
analysis. 

Difference  in  NER  protein  expression  between  the  cases  and  controls.  The  differences  in 
NER  protein  expression  were  evaluated  by  the  Student  t  test  between  the  cases  and  controls.  As 
shown  in  Table  2,  the  expression  of  all  seven  NER  proteins  was  lower  among  the  cases  than 
among  the  controls.  For  example,  the  relative  expression  of  the  XPC  and  XPF  genes  was  reduced 
by  25%  in  the  cases  than  in  the  controls,  and  the  differences  were  statistically  different  ( P  = 

0.003  and  P  =  0.004,  respectively)  (Table  2).  The  expression  reduction  of  all  NER  proteins  may 
reflect  their  association  in  the  repair  activities.  Further  correlation  analysis  revealed  that  the 
relative  expression  levels  of  these  NER  proteins  were  all  highly  correlated  (P  =  or  <0.00 1 ).  For 
example,  the  expression  of  XPC  was  correlated  with  that  of  ERCC1  (r  =  0.706),  XPF  (r  =  0.505) 
and  XPG  (r  =  0.715),  whereas  the  expression  of  XPF  was  correlated  with  that  of  XPA  (r  =  0.695) 
and  XPD  (r  =  0.541)  and  XPG  (r  =  0.781)  (data  not  shown).  Therefore,  it  was  necessary  to 
identify  the  expression  of  which  protein  that  had  played  the  most  significant  role  in  the  increased 
risk  ofSCCHN. 

Association  between  the  protein  expression  levels  and  risk  ofSCCHN.  When  we  used  the 
median  expression  level  of  the  controls  as  the  cut-off  value  for  calculating  the  ORs,  significantly 
increased  crude  ORs  were  observed  for  XPA,  XPC,  XPD,  XPF  but  not  for  ERCC1  and  XPG,  and 
the  adjusted  ORs  were  essentially  unchanged  after  adjustment  for  age,  sex,  ethnicity,  smoking, 
alcohol  use,  and  sample  storage  time  (Table  3).  The  highest  adjusted  OR  was  for  XPF  (OR  = 
5.29,  95%  Cl,  2. 10-3.92)  followed  by  XPD  (OR  =  3.02,  95%  Cl,  1 .1 8-7.76)  and  XPA  (OR  = 
2.99,  95%  Cl,  1 .22-7.47).  Because  the  relative  expression  levels  of  these  NER  proteins  were 
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highly  correlated,  the  relative  expression  levels  of  all  proteins  were  further  adjusted  for  each 
other  simultaneously  in  a  final  multivariate  logistic  regression  model  containing  age,  sex, 
ethnicity,  smoking,  alcohol  use,  and  sample  storage  time.  As  a  result,  the  only  significant 
multivariate  adjusted  OR  was  for  XPF  (OR  =  1 1.5,  95%  Cl,  2.32-56.6)  (Table  3). 

Discussion 

In  this  study,  we  have  demonstrated  that  the  relative  expression  levels  of  the  six  NER  proteins 
(ERCC1,  XPA,  XPC,  XPD,  XPF  and  XPF)  tested  by  the  reverse  protein  assay  were  consistently 
significantly  lower  among  the  SCCHN  cases  than  among  the  controls.  Four  NER  proteins  (XPA, 
XPC,  XPD,  XPF  and  XPG)  out  of  the  six  tested  were  associated  with  significantly  increased  risk 
of  SCCHN  and  the  relative  expression  levels  of  the  other  two  proteins  (ERCC1  and  XPG)  were 
associated  with  borderline  increased  risk  of  SCCHN.  These  data  are  consistent  with  our 
previously  published  observation  on  the  overall  DRC  for  removing  BPDE-induced  DNA  damage 
and  subsequent  study  on  the  expression  of  these  genes  at  mRNA  levels  in  SCCFTN  (10,1 1).  For 
example,  in  a  previous  study  of  55  patients  with  newly  diagnosed  SCCHN  and  61  healthy 
controls,  we  measured  the  DRC  by  the  host-cell  reactivation  assay  using  a  reporter  gene 
damaged  by  BPDE  (10).  We  found  that  the  mean  DRC  was  significantly  lower  in  cases  than  it 
was  in  controls:  those  in  the  middle  and  lowest  tertiles  of  DRC  had  greater  than  2-fold  and  4  fold 
increased  risk,  respectively,  compared  with  the  highest  tertile  of  DRC  (10). 

To  understand  which  NER  genes  may  be  underlying  the  reduced  DRC,  we  measured  the  relative 
expression  of  five  NER  genes  ( ERCC1 ,  XPB/ERCC3,  XPG/ERCC5,  CSB/ERCC6,  and  XPC)  by  a 
multiplex  RT-PCT  method  (11).  We  found  that  the  relative  mRNA  expression  levels  of  ERCC1, 
XPB/ERCC3,  XPG/ERCC5,  and  CSB/ERCC6  were  significantly  lower  in  the  cases  than  in  the 
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controls  and  the  risk  associated  with  low  expression  of  these  genes  ranged  between  2-  to  6-fold 
increased  risk  (1 1).  In  the  later  study,  however,  we  were  not  able  to  measure  the  expression  of 
XPA,  XPD,  and  XPF  because  of  either  the  sequences  of  the  genes  were  unknown  at  that  time  or 
the  presence  of  a  high  level  of  sequence  homology  in  the  genome  for  the  primers  chosen  that 
made  the  assays  failed. 

It  is  interesting  to  note  that  by  simultaneous  adjustment  for  the  expression  levels  of  all  the  five 
proteins  and  other  confounding  factors,  we  found  the  relative  expression  level  of  XPF  was  the 
only  independent  risk  factor  with  more  than  1 1-fold  increased  risk  of  SCCHN.  This  finding 
suggests  XPF  plays  a  critical  role  in  the  repair  of  carcinogen  damaged  DNA.  Because  ERCC1 
needs  XPF  to  form  a  functional  complex  (7),  it  is  possible  that  XPF  acts  as  a  rate  limiting 
modulator  for  the  function  of  the  complex.  Based  on  our  data,  ERCC1  expression  level  was  the 
highest  among  the  five  proteins,  whereas  the  XPF  expression  level  was  less  than  70%  of  the 
ERCCI  level.  It  is  possible  that  ERCC1  protein  was  in  a  saturated  condition  while  the  amount  of 
XPF  became  critical  to  modulate  the  overall  DNA  DRC. 

The  present  study  is  an  extension  of  our  previous  studies  in  identifying  the  best  biomarkers  of 
DRC  for  predicting  susceptibility  to  SCCHN.  In  the  present  study,  we  had  successfully  measured 
the  relative  expression  levels  of  six  out  of  the  seven  core  NER  proteins,  although  we  did  not  find 
appropriate  antibody  for  XPB.  Our  data  further  support  the  notion  that  altered  NER  capacity, 
either  at  cellular,  mRNA  or  protein  levels,  may  contribute  to  the  risk  of  tobacco-induced 
SCCHN.  More  importantly,  the  relative  protein  expression  measured  by  the  protein  microarray 
method  appeared  to  be  the  most  sensitive  one  compared  to  cellular  DRC  and  the  mRNA 
expression  levels  we  have  studied  before. 
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The  advantages  of  the  protein  microarray  assay  are  several  folds.  First,  compared  with  the  host¬ 
cell  reactivation  assay  (12),  this  microarray  assay  requires  significantly  fewer  (3-fold  less)  viable 
lymphocytes  that  are  needed  for  protein  extraction;  Second,  compared  with  the  RT-PCR  assay, 
this  microarray  assay  is  highly  sensitive  and  reproducible  that  is  optimal  for  large  scale  screening 
at  population  level.  Third,  the  assay  has  unlimited  potential  to  test  more  proteins  such  as  those 
involved  in  either  NER  or  other  repair  pathways,  which  is  important  to  elucidate  the  underlying 
molecular  mechanisms  of  increased  cancer  risk.  Finally,  this  microarray  assay  is  rapid  and  cost- 
effective  in  producing  a  large  quantity  of  data.  With  the  availability  of  antibodies  for  specific 
protein  post-translational  modifications,  the  method  may  become  a  powerful  tool  to  determine 
status  of  functional  changes  of  the  proteins.  Nevertheless,  more  quality  control  issues  of  this 
microarray  assay  may  need  to  be  addressed  before  its  application  to  large  scale  of  population 
studies  (16,17). 
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Table  1.  Demographic  factors  and  exposures  for  SCCHN  case  and  control  subjects 

Cases  Controls 

(No.  =  57)  (No.  =  63) 


Variable 

No. 

% 

No. 

% 

P  value1 

Age 

£55 

24 

42.1 

25 

39.7 

>55 

33 

57.9 

38 

60.3 

0.787 

Sex 

Male 

43 

75.4 

39 

61.9 

Female 

14 

24.6 

24 

38.1 

0.112 

Ethnic  group 

African-American 

3 

5.3 

3 

4.8 

Mexican-American 

3 

5.3 

4 

6.4 

Non-Hispanic  white 

51 

89.5 

56 

88.9 

0.962 

Smoking  status 

Yes 

42 

73.7 

31 

49.2 

No 

15 

26.3 

32 

50.8 

0.006 

Alcohol  use 

Yes 

43 

75.4 

33 

52.4 

No 

14 

24.6 

30 

47.6 

0.009 

“Two-sided  x2  test. 
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Table  2.  Relative  protein  expression  of  nucleotide  excision  repair  genes  in  SCCHN  cases 
and  controls 


Noa 

Mean  ±  SD  b 

Difference  (%) 

P  value0 

Cases 

Controls 

Age  (years) 

57/63 

56.2  ±9 

L7 

57.2  ±9.5 

0.418 

Storage  time 

57/63 

17.7  ±  1 

1.7 

13.2  ±6.8 

0.013 

Relative  expression  (%)d 

ERCC1 

53/58 

1.369  ±0. 

.401 

1.696  ±0.539 

-19.3 

<0.001 

XPA 

53/61 

0.363  ±  0. 

,111 

0.424  ±0.1 60 

-14.4 

0.017 

XPC 

54/62 

1.326  ±0. 

.650 

1.770  ±0.923 

-25.1 

0.003 

XPD 

52/59 

0.947  ±0. 

343 

1.137  ±  0.584 

-  19.0 

0.037 

XPF 

56/62 

0.966  ±0 

.438 

1.297  ±0.764 

-25.5 

0.004 

XPG 

55/60 

1.206  ±0 

.453 

1.432  ±0.628 

-  15.8 

0.028 

J  No:  number  of  cases/controls. 

n  SD:  standard  deviation. 
c  Two-sided  Student  t  test. 

J  The  expression  level  relative  to  that  of  P-actin. 
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ERCC1  XPA  XPC  XPD  XPF  XPG  Actin 


Figure  1.  Protein  microarrays  fabricated  using  proteins  extracted  from  activated  peripheral  T 
lymphocytes.  Three  dilutions  were  used  for  each  sample  in  duplicate.  Specific  antibodies  were 
used  to  detect  levels  of  the  corresponding  proteins.  The  names  of  the  proteins  were  shown  on  top 
of  each  microarray. 
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Dear  Dr.  Rauscher: 

We  are  submitting  an  original  article  entitled  "Lymphocytic  Expression  of  Nucleotide 
Excision  Repair  (NER)  Proteins  as  a  Marker  for  Cancer  Susceptibility:  A  Pilot  of  Study  of 
Squamous  Cell  Carcinoma  of  the  Head  and  Neck"  to  be  considered  for  publication  in  the 
Advances  of  Brief  in  Cancer  Research. 

This  article  describes  a  molecular  epidemiological  case-control  study  of  NER  protein 
levels  by  a  reverse-phase  protein  microarray  in  cultured  lymphocytes  transfected  with  damaged 
plasimids  in  57  patients  with  newly  diagnosed  squamous  cell  carcinoma  of  head  and  neck 
(SCCHN)  and  63  cancer-free  controls.  We  found  that  in  63  controls,  the  relative  expression 
levels  of  the  six  core  NER  proteins  were  highly  correlated  ( P  <  0.001  for  all).  Compared  with  the 
controls,  the  cases  had  lower  expression  levels  of  all  the  NER  proteins,  particularly  XPC  and 
XPF,  which  had  a  greater  than  25%  reduction  ( P  <  0.01).  When  we  used  the  median  expression 
levels  ot  the  NER  proteins  as  the  cut-off  value,  significantly  increased  risk  of  SCCHN  was 
associated  with  low  expression  levels  of  XPA  (odds  ratio  (OR)  =  2.99;  95%  confidence  interval 
(Cl)  =  1 .22-7.47),  XPC  (OR  =  2.46;  95%  CI=1 .04-5.87),  XPD  (OR  =  3.03;  95%  CI=1 . 1 8-7.76) 
and  XPF  (OR  =  5.29;  95%  Cl  =  2.01-13.9)  but  not  ERCC1  and  XPG  after  adjustment  for  age, 
sex,  ethnicity,  smoking  and  alcohol  use.  When  a  multivariate  logistic  regression  model  included 
all  NER  proteins,  only  low  expression  level  of  XPF  remained  as  a  significant  predictor  for  the 
risk  of  SCCHN  (OR  =  1 1 .5;  95%  Cl  =  2.32-56.6).  These  results  suggest  that  this  protein 
microarray  assay  may  provide  a  useful  tool  for  measuring  protein  markers  for  susceptibility  to 
cancer. 
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ABSTRACT 

Celecoxib  exhibits  cancer  preventive  and  therapeutic  effects  in  animal  models  and 
clinical  trials.  It  presumably  acts  through  selective  inhibition  of  cyclooxygenase-2  (COX- 
2)  and  subsequent  reduction  of  prostaglandin  (PG)  synthesis.  However,  the 
concentrations  of  celecoxib  required  for  growth  inhibition  and  apoptosis  induction  in  vitro 
are  higher  than  those  needed  for  suppression  of  PGs.  Moreover,  those  concentrations 
are  not  achievable  in  humans  raising  a  controversy  regarding  the  clinical  relevance  of  in 
vitro  data.  We  investigated  the  activity  of  celecoxib  alone  and  in  combination  with  the 
pro-apoptotic  retinoid  /\/-(4-hydroxyphenyl)retinamide  (4HPR)  on  growth  and  apoptosis 
of  human  non-small  cell  lung  cancer  (NSCLC)  cell  lines.  Celecoxib  inhibited  growth  of 
thirteen  NSCLC  cell  lines  with  IC50  values  ranging  from  19  to  33  pM  regardless  of  their 
COX-2  expression.  Apoptosis  was  induced  in  cells  with  high  (A549)  as  well  as  low 
(HI 792)  COX-2  levels  but  only  at  a  concentration  of  75  pM  celecoxib.  However, 
treatment  with  pharmacologically  feasible  concentrations  of  celecoxib  (s  10  pM)  in 
combination  with  4HPR  (s  2  pM)  resulted  in  a  marked  suppression  of  NSCLC  cell  growth 
and  colony  formation.  Apoptosis  mediated  by  activation  of  caspase-3,  cleavage  of  PARP 
and  lamin  A  was  suppressed  by  addition  of  antioxidants,  suggesting  that  the  generation 
of  reactive  oxygen  species  was  partially  involved.  This  study  indicates,  that  celecoxib 
combined  with  4HPR  is  more  effective  than  treatment  with  either  agent  alone  in  inhibition 
of  growth  and  induction  of  apoptosis  in  NSCLC  cells.  It  suggests  further  investigations  of 
this  combination  for  lung  cancer  treatment. 
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INTRODUCTION 

Lung  cancer  remains  the  leading  cause  of  cancer  mortality  among  both  men  and 
women  in  the  United  States.  It  has  been  estimated  that  173,770  new  cases  and  160,440 
deaths  in  2004  will  be  attributed  to  lung  cancer.1  Unfortunately,  the  severe  morbidity  of 
lung  cancer  and  the  poor  5-year  survival  rate  of  approximately  15%  have  not  been 
improved  substantially  by  current  treatment  protocols  during  the  last  decade.  Therefore, 
intense  efforts  are  being  mounted  to  find  new  agents  and  combinations  for  treatment 
and  prevention  of  human  lung  cancer  that  may  lead  to  the  improvement  in  patients 
outcome.  Nonsteroidal  anti-inflammatory  drugs  (NSAIDs),  such  as  the  selective  COX-2 
inhibitor  celecoxib,  have  gained  much  attention  for  their  potential  use  as  anticancer 
agents.23 

The  cyclooxygenase  (COX)  enzymes  are  responsible  for  the  metabolic  conversion  of 
arachidonic  acid  to  prostaglandins  (PGs),  which  play  a  key  role  in  diverse  biological 
functions  involving  inflammation,  immunological  response,  and  development.4  Several 
isoforms  of  COXs  have  been  identified,  which  differ  in  their  expression  pattern  and 
functions.3  COX-1  is  constitutively  expressed  in  most  human  tissues  and  important  for 
the  maintenance  of  homeostatic  functions.  In  contrast,  COX-2  is  inducible  during 
pathological  conditions  such  as  inflammation  and  cancer  in  response  to  growth  factors, 
mutagens,  and  cytokines.  In  fact,  the  up-regulation  of  COX-2  has  been  shown  to 
promote  cell  growth,  inhibit  apoptosis,  and  enhance  cell  motility  and  angiogenesis  in 
tumor  tissues.  8  Lines  of  evidence  have  demonstrated  that  COX-2  is  induced  at  almost 
all  stages  of  non-small  cell  human  lung  cancer  (NSCLC)  progression  relative  to  adjacent 
normal  bronchial  epithelial  tissue.9'11  Interestingly,  among  patients  with  stage  I  NSCLC, 
COX-2  overexpression  was  associated  with  a  poor  prognosis  and  a  positive  expression 
of  RAR-(3  in  their  tumors  as  well.12 

The  selective  COX-2  inhibitor  celecoxib  (celebrex®)  has  been  approved  by  the  FDA 
for  treatment  of  rheumatoid  arthritis  and  osteoarthritis  in  adults  and  for  adjuvant 
treatment  of  patients  with  familial  adenomatous  polyposis.13  It  has  been  demonstrated, 
that  celecoxib  dose-dependently  suppressed  tumor  growth,  lung  metastasis  and 
angiogenesis  in  mice.'  14  16  The  ability  of  celecoxib  to  induce  apoptosis  has  been 
confirmed  in  various  types  of  cancer  cells  including  lung  but  only  at  concentrations  that 
exceeded  maximum  plasma  level  in  humans  ranging  from  3.2  to  5.6  pM  after 
administration  of  a  single  daily  dose  of  800  mg  celecoxib.15,17*19  Thus,  a  controversy  has 
been  raised  mnrerning  its  presumed  anti-tumor  mechanisms.14,20  Specifically,  the 
concentrations  ot  celecoxib  neeaea  to  inhibit  cell  cycle  progression  and  induce  apoptosis 
in  cancer  cells^are  typically  10  to  100-fold  higher  than  those  required  for  suppression  of 
PG  synthesis.1  Furthermore,  significant  anti-tumor  effects  have  been  observed  in 
cancer  ceils  irrespective  of  their  COX-2  expression,  suggesting  that  celecoxib  may  exert 
in  part  and/or  cell  type-specific  therapeutic  activity  via  pathways  that  are  independent  of 
selective  inhibition  of  COX-2.1415,17'22  As  a  matter  of  fact,  this  assumption  is  not  solely 
related  to  celecoxib  as  such  discrepancy  between  high  concentrations  needed  for  anti¬ 
proliferative  and  pro-apoptotic  effects  compared  to  plasma  levels  which  can  be  achieved 
in  vivo  have  been  reported  for  other  NSAIDs.15,22,23 

Interestingly,  several  reports  have  indicated  that  celecoxib  interacts  in  additive  and 
synergistic  ^manners  with  conventional  therapeutic  regimens  in  patients  with 
NSCLC  ~  '  In  addition,  various  NSAIDs  produced  synergistic  activity  in  combination 
with  1 3-c/s-retinoic  acid  in  NSCLC  cell  lines  regardless  of  drug-resistance  phenotype.26 
For  the  present  study,  we  chose  to  evaluate  the  synthetic  retinoid  A/-( 4- 
hydroxyphenyl)retinamide  (4HPR,  fenretinide)  in  combination  with  celecoxib  because  it 
has  been  well  established  to  exert  potent  pro-apoptotic  effects  on  a  variety  of  cancer 
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cells‘  and  exhibits  lower  side  effects  compared  to  other  retinoids  in  therapeutic  and 
chemopreventive  clinical  trials  including  studies  on  NSCLC.31'34 

Our  results  indicate,  that  celecoxib  in  combination  with  4HPR  exerted  enhanced 
growth  inhibitory  and  apoptosis-inducing  effects  in  NSCLC  cells  at  concentrations  that 
are  clinically  relevant  in  humans.  Thus,  it  may  be  useful  in  designing  novel  combination- 
therapeutic  strategies  for  human  lung  cancer. 
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MATERIALS  AND  METHODS 

Reagents.  Dulbecco’s  Modified  Eagle’s  Minimal  Essential  Medium  (DMEM), 
penicillin,  streptomycin,  phosphate-buffered  saline  (PBS)  and  trypsin  were  purchased 
from  Gibco™  Invitrogen  Corporation  (Carlsbad,  CA).  Fetal  bovine  serum  (FBS)  was  from 
HyClone  Laboratories,  Inc.  (Logan,  UT)  and  celecoxib  (celebrex®,  4-[5-(4-methylphenyl)- 
3-(trifluoromethyl)-1H-pyrazol-1-]  benzene-sulfonamide)  was  obtained  from  GD  Searle  & 
Co  (Chicago,  IL).  Dimethyl  sulfoxide  (DMSO),  ethylene  diamine  tetra-acetic  acid  (EDTA), 
N-acetyl  cystein  (NAC),  butylated  hydroxyanisol  (BHA),  and  sodium  dodecyl  sulfate 
(SDS)  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 

Human  NSCLC  Cell  Lines.  The  NSCLC  cell  lines  H460,  H292,  A549,  H157,  H1299, 
H358,  and  HI 792  were  either  obtained  from  Dr.  A.  Gadzar  (The  University  of  Texas 
Southwestern  Medical  Center,  Dallas,  TX)  or  purchased  from  the  American  Type  Culture 
Collection  (ATCC;  Rockville,  MD).  These  cells  were  grown  in  monolayer  cultures  in  a 
mixture  of  DMEM/Ham's  F12  medium  (1:1,  v/v)  supplemented  with  5%  FBS  at  37'C  in  a 
humidified  atmosphere  consisting  of  5%  C02  and  95%  air.  Celecoxib  was  dissolved  in 
DMSO  at  a  concentration  of  0.05  M  and  stored  at  -80'C.  4HPR  obtained  from  Dr.  R. 
Lubet  (National  Cancer  Institute,  Bethesda,  MD)  was  dissolved  in  DMSO  at  a 
concentration  of  0  01  M  and  stored  in  the  dark  at  -80‘C.  Stock  solutions  were  diluted  to 
desired  concentrations  with  culture  medium  prior  to  use  keeping  the  final  concentration 
of  DMSO  less  than  0.1%. 

Growth  Inhibition  Assay.  NSCLC  cells  were  seeded  in  96-well  culture  plates  (BD 
Bioscience  Labware,  Bedford,  MA),  allowed  to  adhere  overnight  and  treated  with  either 
celecoxib,  4HPR  and  their  combinations  in  5%  FBS-containing  medium  for  3  days  before 
estimation  of  cell  number  by  sulforhodamine  B  (SRB)  assay.35  The  absorbance  was 
measured  using  an  automated  plate  reader  MR5000  (Dynatech  Laboratories  Inc., 
Chantilly,  VA).  The  inhibition  of  cell  growth  was  calculated  from  the  equation,  % 
inhibition  =  (1-Af/Ac)  x  100%,  whereas  At  and  Ac  represent  absorbencies  of  treated  and 
control  cultures,  respectively.  Concentration  response  curves  were  plotted  and  levels  of 
celecoxib  resulting  in  50%  growth  inhibition  (IC50)  were  estimated.  The  results  represent 
mean  ±  standard  deviation  (SD)  of  three  independent  experiments. 

Colony  Formation.  Exponentially  growing  H292  cells  were  seeded  in  6-well  culture 
plates  (Greiner  Bio-One,  Inc.,  Longwood,  FL)  and  allowed  to  grow  overnight  before 
will  1  r'ihei  1  eiet’O-nii-,  *n«j  their  combinations.  The  culture  medium  was 

replaced  with  fresh  medium  containing  the  compounds  every  3  days.  After  14  days  of 
incubation,  the  colonies  were  stained  with  crystal  violet  (0.5%)  and  examined  under  a 
microscope. 


TUNEL  Apoptosis  Assay.  Intranucleosomal  DNA  fragmentation  was  evaluated 
using  an  apoptosis  detection  kit  (Phoenix  Flow  Systems,  Inc.,  San  Diego,  CA)  based  on 
the  TUNEL  technique.36  The  reaction  labels  the  3’hydroxyl  termini  of  DNA  fragmented 
during  apoptosis  with  fluorescein-isothiocyanate-conjugated  dUTP.  After  treatment,  the 
cells  were  harvested  by  trypsinization,  pelleted  by  centrifugation,  fixed  with  ice-cold 
ethanol  (70%,  v/v)  and  stained  according  to  the  protocol  provided  by  the  manufacturer. 
Cytofluorometric  determinations  and  data  analysis  were  performed  on  a  Coulter  XL  flow 
cytometer  (Coulter  Corp.,  Miami,  FL).  Approximately  10,000  cells  were  evaluated  for 
each  sample. 


Western  Blot  Analysis.  Samples  containing  50  pg  of  total  cellular  protein  were 
electrophoretically  separated  through  10%  sodium  dodecyl  sulfate  (SDS)-polyacrylamide 
gels  followed  by  transfer  onto  Hybond-ECL  membranes  (Amersham,  Arlington  Heights, 
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IL)  as  described  previously.20  After  blocking  with  PBS  containing  0.1%  Tween  20  and 
5  /o  low-fat  milk,  the  membranes  were  incubated  with  primary  antibodies  for  COX-2 
(Oxford  Biomedical  Research  Inc.,  Oxford,  Ml),  caspase-3  (clone  31A1067,  Imgenex, 
San  Diego,  CA),  PARP  and  lamin  A  (Cell  Signaling  Technology  Inc.,  Beverly,  MA)  or  B- 
actm  (Sigma  Chemical  Co.,  St.  Louis,  MO)  at  appropriate  dilutions.  Antibody  binding  was 
detected  with  horseradish  peroxidase-linked  second  antibody  and  enhanced 
chemiluminescence  (Amersham  Biosciences  Corp.,  Piscataway,  NJ). 
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RESULTS 

Celecoxib  Inhibits  Growth  of  Human  NSCLC  cells  independent  of  COX-2.  To 

investigate,  whether  the  sensitivity  of  several  human  NSCLC  cell  lines  to  celecoxib  was 
associated  with  the  target  enzyme  expression,  we  analyzed  their  constitutive  COX-2 
levels  by  Western  immunoblotting.  Figure  1  indicates,  that  A549,  H358,  and  H292, 
HI 944,  and  SK-MES-1  cells  expressed  COX-2  protein,  whereas  low  or  undetectable 
levels  were  found  in  other  NSCLC  cell  lines  examined.  Apparently,  some  of  the  cell 
extracts  exhibit  a  doublet  of  protein  bands  as  a  result  of  changes  in  the  extent  of  COX-2 
glycosylation.  We  then  determined  the  concentration  of  celecoxib  causing  50%  growth 
inhibition  (IC50)  from  the  dose-response  curves  of  each  cell  line  after  3  days  of 
incubation.  The  ICS0  values  were  in  a  range  between  19  and  33  pM  celecoxib  (Fig.  1). 
However.  NSCLC  cell  lines  that  expressed  COX-2  exhibited  similar  sensitivity  as  cell 
lines  with  low  or  undetectable  COX-2  levels. 

Celecoxib  Induces  Apoptosis  of  Human  NSCLC  cells  independent  of  COX-2. 

To  study  whether  growth  inhibition  of  NSCLC  cells  by  celecoxib  resulted  from  induction 
of  apoptosis,  we  examined  apoptotic  events  by  the  TUNEL  method  after  treatment  of 
HI  /92  (low  COX-2  level),  and  A549  (high  COX-2  level)  cells  with  various  concentrations 
of  celecoxib.  We  observed  no  substantial  induction  of  apoptosis  with  concentrations  up 
to  50  pM  celecoxib  in  both,  COX-2  positive  and  COX-2  negative,  NSCLC  cell  lines  (Fig. 
2).  However,  treatment  with  75  pM  celecoxib  markedly  increased  the  percentage  of 
TUNEL-positive  cells  from  less  than  1%  in  control  cultures  to  60%  in  HI 792  and  77%  in 
A549  cells,  respectively.  Similarly  to  our  findings  on  growth  inhibition,  the  effects  of 
celecoxib  on  induction  of  apoptosis  appeared  independent  of  COX-2  expression. 

Celecoxib  in  Combination  with  4HPR  is  More  Potent  in  Growth  Inhibition  than 
Treatment  with  Either  Agent  Alone.  Because  the  plasma  levels  of  celecoxib  feasible 
in  humans  are  considerably  lower  than  the  concentrations  found  to  be  effective  in  vitro, 
we  hypothesized  that  combinations  of  low  doses  of  celecoxib  with  the  pro-apoptotic 
retinoid  4HPR  will  be  more  potent  in  growth  inhibition  than  each  agent  alone  To  test 
this  hypothesis,  we  treated  A549,  HI 792.  and  H292  cell  lines  with  celecoxib  and  4HPR 
for  3  days.  As  shown  in  Figure  3,  simultaneous  treatment  of  celecoxib  with  4HPR 
resulted  in  additive  suppression  of  cell  growth  in  a  dose-dependent  manner  (Fig.  3A,B). 
However,  the  effects  of  various  concentrations  of  4HPR  in  addition  to  10  pM  celecoxib 
v“ra  lQC?  Prnfou"*  m  w'itqo  C0)|S  th?n  jp  the  Qther  twQ  nsclC  cell  lines  (Fig.  38). 

The  Celecoxib/4HPR  Combination  Reduces  Colony  Formation.  Due  to  the 
modest  effects  of  the  celecoxib/4HPR  combination  on  cell  growth  in  monolayer  culture, 
we  asked  whether  colony  formation,  which  allows  a  relatively  longer  treatment  of  tumor- 
cells,  would  show  greater  activity.  Thus,  we  estimated  the  effects  of  celecoxib  and/or 
4HPR  on  the  ability  of  H292  cells  to  form  colonies  after  14  days  of  incubation.  Celecoxib 
at  5  or  10  pM  showed  no  discernible  changes,  while  4HPR  was  able  to  reduce  the 
formation  of  H292  colonies  in  a  dose-dependent  manner  (Fig.  4A,B).  However, 
simultaneous  treatment  suppressed  colony  formation  to  a  larger  extent  than  4HPR  alone 
as  illustrated  in  the  photomicrographs  (Fig  4A). 

Celecoxib  in  Combination  with  4HPR  is  More  Potent  in  Apoptosis  Induction 
than  Treatment  with  Either  Agent  Alone.  To  determine  whether  enhanced  growth 
inhibition  by  celecoxib/4HPR  combination  resulted  from  induction  of  apoptosis,  we 
compared  apoptotic  NSCLC  cells  incubated  with  either  combinations  or  single  treatment 
of  tr  e  two  agents  Celecoxib  alone  had  no  effect  on  induction  of  apoptosis  up  to  a  tested 
concentration  of  20  pM,  whereas  treatment  with  2  pM  4HPR  resulted  in  26%  apoptosis. 
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In  contrast,  the  combination  of  both  agents  exhibited  more  than  50%  apoptotic  cells 
5A,B). 


(Fig. 


Apoptosis  Induced  by  Celecoxib/4HPR  is  Mediated  by  Caspase-3  Cascade  and 
Suppressed  by  Antioxidants.  To  begin  to  understand  the  mechanism  of  the  induction 
of  apoptosis,  we  analyzed  the  effects  of  celecoxib  and/or  4HPR  on  caspase-3  cascade 
Western  blot  analysis  revealed  that  combinations  of  5  and  10  pM  celecoxib,  respectively 
with  2  pM  4HPR  resulted  in  a  greater  activation  of  caspase-3  and  cleavage  of  its 
substrates  PARP  and  lamin  A  compared  to  each  of  the  agents  alone.  In  fact,  celecoxib 
alone  was  inactive  whereas  4HPR  partially  activated  caspase-3  and  cleavage  of  PARP 
and  lamin  A  (Fig.  6A).  According  to  studies,  which  have  demonstrated  that  apoptosis 
induced  by  4HPR  can  be  suppressed  by  addition  of  antioxidants,  we  examined  the 
e  facts  of  butylated  hydroxyanisole  (BHA)  and  N-acetyl  cysteine  (NAC)  on  apoptosis  as 
well  as  cleavage  of  PARP  and  lamin  A  in  NSCLC  cells.  Incubation  of  HI 792  cells  with  5 
pM  celecoxib  in  addition  to  50  pM  BHA  or  5  mM  NAC  had  no  effect  on  apoptosis 
induction.  However,  treatment  with  2  pM  4HPR  alone  compared  to  simultaneous 
incubation  with  5  pM  celecoxib  increased  the  percentage  of  TUNEL-positive  cells  from 
23%  to  52%.  Likewise,  cleavage  of  the  caspase-3  substrates  PARP  and  lamin  A  was 
obtained  after  simultaneous  incubation  with  celecoxib  and  4HPR  but  partially  prevented 
by  co-treatment  with  the  antioxidants  BHA  and  NAC  (Fig.  6B). 
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after  treatment  with  celecoxib 
independent  mechanisms 
(PI3K)/Akt,8,19 


DISCUSSION 

This  in  vitro  study  highlights  the  enhanced  growth-inhibitory  and  apoptosis-inducinq 
effects  of  celecoxib  in  combination  with  4HPR  at  clinically  relevant  concentrations 
compared  to  single  agent  treatment  alone  in  NSCLC  cell  lines.  We  have  demonstrated 
that  all  NSCLC  cell  lines  used  in  this  study  were  susceptible  to  the  growth-inhibitory 
activity  of  celecoxib  with  comparable  IC50  values  ranging  from  19  to  33  pM  However 

aPpeared  t0  be  indePendent  of  COX-2  expression  based  on  the  fact  that 
NSCLC  cell  lines  exhibited  variable  levels  of  COX-2  protein  ranging  from  high  to  very 
low.  Moreover,  the  celecoxib  concentrations  required  for  growth  inhibition  were 
considerably  higher  than  those  required  for  suppression  of  COX-2  activity  because  we 
and  others  have  shown  that  as  little  as  0.1  pM  celecoxib  was  able  to  reduce  PGE2  levels 
in  various  tumor  cell  lines  including  lung  cells.3'17’21  In  addition,  our  data  indicate  that 
induction  of  apoptosis  by  celecoxib  concentration  of  >75  pM  regardless  of  the  COX-2 
level  in  NSCLC  cells.  These  findings  are  in  agreement  with  studies  reported  by  other 
investigators,  which  have  demonstrated  COX-2-independent  responses  to  high  doses  of 
celecoxib  in  various  types  of  cancer  cell  lines.1518'21  Noticeably,  in  vivo  studies  revealed 
sigm  icant  suppression  in  tumor  growth  of  COX-2-deficient  colorectal  cancer  xenoqrafts 
3  <or  “,,tu  ’““oxib 14,15  Recent  reports  highlighted  several  COX-2- 

including  activation  of  phosphatidylinositol  3-kinase 
modulation  of  NF-xB-dependent  gene  transcription17  and  peroxisome 
proliferator-activated  receptors  (PPARs)31',  alterations  of  cell-cycle  regulatory  proteins  15 
and  induction  of  death  receptor  expression.22  However,  the  discrepancy  between  usinq 
concentrations  of  celecoxib  to  obtain  apoptosis-inducing  effects  in  cell  culture  (25  to 
100  pM)  and  those  pharmacologically  achievable  in  humans  raises  questions  regardinq 
the  clinical  relevance  of  most  of  the  in  vitro  data.14'18,17  In  fact,  pharmacokinetic  studies 
performed  in  humans  revealed  that  plasma  levels  did  not  exceed  5.6  pM  in  individuals 
receiving  up  to  800  mg  celecoxib  per  day.17,38  At  this  low  concentration,  celecoxib  neither 
inhibited  cell  growth  nor  induced  apoptosis  in  any  cancer  cell  line  tested  in  vitro. ,41S-17-22 

onsequently,  we  postulated  that  celecoxib's  anti-cancer  activity  can  be  potentiated  bv 
combination  with  other  pro-apoptotic  agents. 

We  have  selected  the  synthetic  retinoid  4HPR  as  a  partner  for  combination  with 
celecoxib  because  this  retinoid  has  been  shown  to  induce  apoptosis  in  several  types  of 
malignant  cells  including  lung  cancer  cell  lines.27'30  In  addition,  it  has  been  tested  in 
soverpi  H.ntrai  tngic:  for  cancer  chemoprevention  and  therapy  with  a  favorably  toviojtv 
profile  as  compared  with  other  retinoids.31'34  For  example,  a  very  recent  phase  II  study 
has  demonstrated  that  the  mean  plasma  concentration  of  4HPR  was  3  1  ±  0  7  pM  in 
adults  with  recurrent  gliomas  given  900  mg/m2  4HPR  orally  twice  daily.  This  regimen 
was  well  tolerated.  In  comparison,  the  clinical  use  of  all-frans-retinoic  acid  is  associated 
Wf  l1  deveioPment  of  a  potentially  lethal  syndrome  when  reaching  peak  plasma  levels 
of  1  pM  Moreover,  combining  celecoxib  with  retinoids  has  been  previously  suggested 
as  protocol  for  preventing  cancers  of  the  upper  aerodigestive  tract.2 

Here,  we  demonstrate  that  combinations  of  clinically  achievable  plasma  levels  but 
suboptimal  in  vitro-concentrations  of  celecoxib  (2.5  to  10  pM)  with  4HPR  (0  5  to  3  0  pM) 
resulted  in  additive  growth  inhibition,  induction  of  apoptosis  and  a  more  than  additive 
suppression  of  colony  formation  in  NSCLC  cell  lines.  The  mechanism  of  the  interaction 
between  celecoxib  and  4HPR  that  results  in  potentiation  of  their  effects  on  apoptosis 

rpmamc  to  Ko  ol,  _ i  t.  .11. .  .  “ 


remains 

aspects 


to  be  elucidated  fully.  In  this  study,  we  have  begun  to  understand 


some 


of  this  mechanism.  We  found  that  the  induction  of  apoptosis  by  the 
celecoxib/4HPR  combination  was  mediated  by  activation  of  caspase-3  and  cleavage  of 
its  substrates  PARP  and  lamin  A.  Because  as  a  single  agent,  4HPR  has  been  shown  to 
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induce  apoptosis  by  increasing  endogenous  ceramide  levels  and  mitochondrial  reactive 
oxygen  species  (ROS)2  we  asked  whether  ROS  generation  may  also  be  important  in 
the  action  of  the  celecoxib/4HPR  combination.  Indeed,  we  found  that  antioxidants 
blocked  the  celecoxib/4HPR-induced  apoptosis  implicating  ROS  in  their  effect.  Clearly, 
additional  investigations  are  needed  to  fully  elucidate  the  molecular  mechanisms 
underlying  the  increased  efficacy  of  the  combination  of  these  agents.  Nonetheless,  our 
demonstration  of  the  more  than  additive  effects  of  the  celecoxib  4HPR  combination  at 
pharmacologically  achievable  concentrations  warrants  further  testing  of  this  regimen  in 
in  vivo  models  and  potentially  also  in  clinical  trials. 
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Figure  legends 

Figure  1.  Expression  of  COX-2  in  human  NSCLC  cell  lines  and  their  relation  to  growth 
inhibition  by  celecoxib  as  indicated  as  IC50  values  (pM)  presented  under  each  lane. 
Cultures  of  thirteen  cell  lines  were  grown  to  approximately  80%  confluence  before 
harvested  and  separated  through  10%  SDS-PAGE  gel  electrophoresis  followed  by 
Western  immunoblotting  as  described  under  Materials  and  Methods.  The  effects  of 
celecoxib  on  NSCLC  cell  growth  were  determined  using  SRB  assay35  after  3  days  of 
incubation. 

Figure  2.  Effects  of  celecoxib  on  induction  of  apoptosis  in  NSCLC  cell  lines.  HI  792  (low 
COX-2  level)  and  A549  (high  COX-2  level)  cell  lines  were  treated  with  different 
concentrations  of  celecoxib  for  24  hours  before  harvested  and  subjected  to  apoptosis 
detection  kit  based  on  the  TUNEL  technique.38  The  percentages  of  TUNEL-positive  cells 
are  presented  inside  each  histogram. 

Figure  3.  Effects  of  different  concentrations  of  celecoxib,  4HPR  and  their  combinations 
on  growth  of  human  A549,  H292,  and  H1792  lung  cancer  cell  lines.  NSCLC  cells  were 
treated  with  4HPR  (1  pM)  or  celecoxib  (2.5,  5  or  10  pM)  and  their  combinations  for  3 
days  (A).  NSCLC  cells  were  incubated  with  celecoxib  (10  pM),  or  4HPR  (1,  2  or  3  pM) 
and  their  combinations  for  3  days  (B).  Cell  numbers  were  estimated  by  SRB  assay.35 
The  data  represent  mean  values  (bars,  SE)  of  four  replicate  wells  of  one  of  two 
independent  experiments,  which  yielded  similar  results. 

Figure  4.  Effects  of  celecoxib  and/or  4HPR  on  colony  formation  of  H292  lung  cancer 
cells  H292  cells  were  treated  with  celecoxib  (5  or  10  pM)  and/or  4HPR  (0.5  or  1.0  pM) 
for  14  days  before  staining  and  examination  under  the  microscope  as  described  under 
Materials  and  Methods.  Colony-forming  ability  of  H292  lung  cancer  cells  was  markedly 
suppressed  by  combined  treatment  of  celecoxib  and  4HPR  as  compared  with  each  of 
the  single  agents  or  cultures  treated  with  DMSO  alone. 

Figure  5.  Enhanced  induction  of  apoptosis  in  HI 792  lung  cancer  cells  by  combinations 
of  celecoxib  and  4HPR.  The  apoptotic  events  were  examined  after  48  hours  in  the 
presence  or  absence  of  the  two  drugs  as  single  or  combination  using  TUNEL 
technique.”  Dual  parameter  flow  cytometric  analysis  measuring  FITC-labeled  DNA 
fragments  ( ordinate )  and  cellular  DNA  content  ( abscissa )  in  HI 792  cells  (A)  Effects  of 
-.ib' ovb  tn  combination  with  4HPR  on  induction-  o*  apoptosis  «3or**se-'*'  o 
percentage  TUNEL-positive  nuclei  (B). 

Figure  6.  Suppression  of  apoptosis  induced  by  celecoxib  in  combination  with  4HPR  by 
antioxidants  in  HI  792  cells.  Regulation  of  apoptosis-related  proteins  by  celecoxib  and/or 
4HPR  using  Western  immunoblot  analysis.  p-Actin  served  as  loading  control  (A).  Partial 
suppression  of  the  induction  of  apoptosis  after  simultaneous  treatment  of  celecoxib  (5 
pM)  and  4HPR  (2  pM)  preincubated  with  50  pM  butylated  hydroxyanisole  (BHA)  or  5  mM 
N-acetyi  cysteine  (NAC)  for  30  min.  The  cells  were  harvested  after  24  hours  and 
processed  for  analysis  by  TUNEL  technique  (B)  or  Western  immunoblotting  as  described 
under  Materials  and  Methods  (C). 


- 15- 


Fig.  1 


celecoxib  (pM) 


H1792 
(low  COX-2) 


A549 

(high  COX-2) 


60.1% 


77.1% 


DNA  content 


Fig.  3 


A 


4HPR  (|jM) 


B  100 


4HPR  (|JM): 
celecoxib  (pM)- 


A 


103 


i?  103 


10’ 


£  100 

© 

o 

a 

O  103 

o 

D 

ul  102 


10’ 


100 


HI  792  control 

5  |jM  celecoxib 

2  pM  4HPP 

''  l 

S  (jM  celecoxib  + 

2  pM  4HPR 

Lr— i - r-  i  i  ■  ■  ■  ■ 

0  200  400  600  800 

DNA  Content 


Fig.  6 


celecoxib  (pM):  5  10 

4HPR  (|jM):  2  2  2 


10 


Pro-caspase-3-* 
uncleaved  PARP- 
cleaved  PARP- 
cleaved  lamin  A-*- 
?-actin 


_ 


■  . .  ' 


B 


C  cleaved  PARP  - 
cleaved  lamin  A  • 
?-actin  -*■ 


— 


— 

!ll  ‘V  Tf  V'VV,,-'  '  1  ■  ,.l  'I  .  i|f>  '•''L  .!  l* 


celecoxib  (5  pM) 
4HPK  (!#j£ nf 
BHA  (50  pM) 
NAC  (5  mM) 


4HPK  r, 

BHA  (50  pM):  . 


+ 

4 


+ 

+ 

4- 


The  synergistic  combination  of  the  FT  inhibitor  Lonafamib  and  Paclitaxel  enhances 
tubulin  acetylation  and  requires  a  functional  tubulin  deacetylase 

Adam  I.  Marcus,  1  Jun  Zhou,  1  Aurora  O’Brate,  ',  Ernest  Hamel, 2  Jason  Wong, 3  Michael 
Nivens, 1  Adel  El-Naggar,4  Tso-Pang  Yao,5  Fadlo  R.  Khuri,  'and  Paraskevi 
Giannakakoui,1'6. 

'  Winship  Cancer  Institute,  Emory  University  School  of  Medicine,  Atlanta,  GA  30322 

'Screening  Technologies  Branch,  Developmental  Therapeutic  Program,  Division  of 
Cancer  Treatment  and  Diagnosis,  National  Cancer  Institute,  National  Institutes  of  Health, 
Frederick,  MD  21702 

3  Harvard  University,  Cambridge,  Massachusetts  02138 

1  The  University  ot  Texas  M.  D.  Anderson  Cancer  Center,  Houston,  TX  77030 

Department  of  Pharmacology  and  Cancer  Biology,  Duke  University,  Durham,  NC 
27710 

6To  whom  correspondence  should  be  addressed:  pgianna@emory.edu 


I 


Abstract 

Famesyl  transferase  inhibitors  (FTIs)  are  anti-cancer  agents  developed  to  target 
oncogenic  Ras  proteins  by  inhibiting  Ras  farnesylation.  FTIs  potently  synergize  with 
paclitaxel  and  other  microtubule-stabilizing  drugs;  however,  the  mechanistic  basis 
underlying  this  synergistic  interaction  remains  elusive.  Here  we  show  that  the  FTI, 
lonafamib  (LNF),  affects  the  microtubule  cytoskeleton  resulting  in  microtubule  bundle 
formation,  increased  microtubule  stabilization  and  acetylation,  and  suppression  of 
microtubule  dynamics.  Notably,  treatment  with  the  combination  of  low  doses  of  LNF 
with  paclitaxel  markedly  enhanced  tubulin  acetylation  (a  marker  of  microtubule  stability) 
as  compared  to  either  drug  alone.  This  synergistic  effect  correlated  with  famesyl 
transferase  (FT)  inhibition  and  was  accompanied  by  a  synergistic  increase  in  mitotic 
arrest  and  cell  death.  Mechanistically,  we  show  that  the  combination  of  LNF  and 
paclitaxel,  inhibits  the  in  vitro  deacetylating  activity  of  the  only  known  tubulin 
deacetylase,  HDAC6.  In  addition,  the  LNF/taxane  combination  is  synergistic  only  in  cells 
lines  expressing  the  wild-type  tubulin  deacetylase,  HDAC6,  but  not  a  catalytic-mutant 
HDAC6,  revealing  that  functional  HDAC6  is  required  for  the  synergy  of  LNF  with  the 
taxanes.  Furthermore,  tubacin,  a  specific  HDAC6  inhibitor,  synergistically  enhanced 
tubulin  acetylation  in  combination  with  paclitaxel,  similar  to  the  combination  of  LNF  and 
paclitaxel.  Taken  together,  these  data  suggest  a  relationship  between  FT  inhibition, 
HDAC6  function,  and  cell  death,  providing  insight  into  the  putative  molecular  basis  of 
the  LNF/taxane  synergistic  anti-proliferative  combination. 
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Introduction: 

1-amesyl  transferase  inhibitors  (FTIs)  are  a  novel  class  of  anti-neoplastic  agents  that  have 
high  anti-tumor  activity  and  are  currently  in  clinical  trials  (1-3).  These  agents  inhibit  the 
famesyl  transferase  (FT)  enzyme,  whose  function  is  to  post-translationally  modify 
proteins  by  the  addition  of  a  15-carbon  famesyl  group.  The  initial  driving  force  behind 
I'  1 1  development  was  based  on  the  Finding  that  oncogenic  Ras,  a  low  molecular  weight 
GTPase,  induces  malignant  transformation  upon  the  addition  of  a  famesyl  group  to  its  C- 
terminus  by  the  FTase.  This  in  turn  allows  it  to  localize  to  the  plasma  membrane  and  act 
as  a  relay  switch  by  transducing  biological  information  from  extracellular  signals  to  the 
nucleus  (for  review  see  (4)). 

Since  Ras  farnesylation  is  required  for  Ras  membrane  localization,  FTase  became  an 
attractive  target  tor  new  anti-cancer  agents  (5-7).  Furthermore,  based  on  the  finding  that 
oncogenic  Ras  mutations  are  found  in  30%  of  all  human  cancers  (8,  9),  it  was 
hypothesized  that  tumor  growth  could  be  inhibited  by  preventing  Ras  farnesylation.  Thus, 
FTIs  were  developed  as  targeted  agents  against  Ras  and  were  shown  to  inhibit  Ras 
function  (10),  as  well  as  possess  potent  anti-tumor  activity  in  multiple  cancer  cell  lines 
and  animal  models.  Despite  the  initial  hypothesis  that  FTIs  inhibit  tumor  growth  by 
inhibiting  Ras  farnesylation,  it  was  later  shown  that  FTIs  demonstrate  anti-tumor  activity 
independent  of  Ras  status  (11-13),  suggesting  that  the  mechanism  of  FTI  activity  extends 
beyond  the  inhibition  of  Ras  farnesylation  (14). 

1  o  probe  the  molecular  mechanisms  of  FTI  action,  some  previous  works  have  focused  on 
the  relationship  between  FTIs  and  microtubule-targeting  agents.  Microtubules  are 
dynamic  polymers,  composed  of  a-  and  [3-tubulin  subunits  that  elongate  and  shorten.  In 
the  cell,  they  function  in  a  variety  of  processes  including  cell  division,  cell  signaling,  and 
intracellular  trafficking  (reviewed  in  15).  Since  microtubules  are  essential  components  of 
the  cell  division  machinery,  they  are  attractive  and  validated  targets  for  anti-cancer 
therapy  (16,  17)  as  evidenced  by  the  clinical  success  of  microtubule-targeting  drugs  such 
as  the  taxanes  (18-20).  More  recently,  epothilones,  a  new  class  of  microtubule-targeting 
drugs,  are  in  clinical  development  and  show  very  positive  preliminary  results  (21). 
Notably,  FTIs  in  combination  with  paclitaxel  or  epotholines  act  synergistically  to  inhibit 
cell  growth  in  numerous  human  cancer  cell  lines  and  xenograft  models  (14,  22-24)  .  In 
addition,  a  combination  clinical  study  of  the  FTI,  lonafarnib  (SCH66336  or  sarasar;  LNF) 
with  paclitaxel  yielded  impressive  preliminary  results,  with  partial  responses  in  eight  of 
twenty  evaluable  patients,  including  patients  whose  disease  had  previously  progressed 
while  on  taxanes  alone  (25).  Despite  these  promising  results,  the  molecular  mechanism  of 
the  synergistic  interaction  of  FTIs  with  taxanes  is  unknown. 

The  synergy  between  taxanes  and  FTIs,  suggests  that  there  may  be  a  link  between 
microtubules  and  the  mechanism  of  FTI  action.  This  is  further  supported  by  studies 
showing  that  FTI-2153  inhibited  normal  bipolar  microtubule  spindle  formation, 
suggesting  that  spindle  microtubules  may  have  been  affected  by  this  treatment  (26-28). 
1  hese  FTI-treated  cells  were  arrested  in  early  mitosis  and  this  effect  was  independent  of 
p53  and  Ras  status.  Nevertheless,  the  effects  of  FTI  treatment  on  interphase  microtubules 
have  not  been  examined. 
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Here  we  investigated  the  effects  of  LNF  (29),  on  interphase  microtubules  in  lung  and 
breast  cancer  cells.  Our  results  demonstrate  that  exposure  to  LNF  resulted  in  microtubule 
bundle  formation,  stabilized  interphase  microtubules,  and  suppressed  microtubule 
dynamics.  Moreover,  we  show  that  the  combination  of  LNF  and  paclitaxel  fori 6  hr 
synergistically  enhanced  tubulin  acetylation,  mitotic  arrest,  and  cell  death;  furthermore 
this  effect  correlated  with  FT  inhibition.  In  addition,  the  combination  of  LNF  and 
paclitaxel  inhibits  the  deacetylating  activity  of  HDAC6  in  vitro,  whereas  either  drug 
alone  does  not.  Importantly,  we  show  that  the  LNF/taxane  combination  is  synergistic 
only  in  cells  lines  expressing  the  wild-type  tubulin  deacetylase,  HDAC6,  but  not  a 
catalytic-mutant  HDAC6,  revealing  that  functional  HDAC6  is  required  for  the  synergy  of 
LNF  with  taxanes.  Taken  together,  these  data  suggest  a  relationship  between  FT 
inhibition,  HDAC6  function,  enhanced  tubulin  acetylation  and  cell  death,  providing  a 
putative  molecular  basis  for  the  LNF/taxane  anti-proliferative  combination. 
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Results: 

Lonafarnib  treatment  alters  microtubule  structure 

To  examine  the  effects  of  LNF  on  interphase  microtubules,  we  performed  live  cell 
microtubule  imaging  using  MCF-7  breast  cancer  cells  stably  expressing  GFP:a-tubulin. 
This  ceil  line  allows  for  the  visualization  of  microtubules  in  living  cells  and  eliminates 
the  possibility  of  artifacts  associated  with  fixed  tissue  analyses.  Cells  were  treated  for  48 
hrs  with  5  and  10  pM  LNF  (mean  72  hr  IC50  of  LNF  was  8  pM  in  seven  cancer  cell  lines 
tested;  data  not  shown)  and  microtubules  were  observed  using  live-cell  epi-fluorescence 
microscopy  (Fig.  1A).  Nearly  all  untreated  control  cells  observed  had  an  extensive,  fine, 
and  organized  microtubule  network.  In  contrast,  LNF  treatment  led  to  a  dose-dependent 
increase  in  microtubule  bundling  compared  to  control  cells  (p  <  0.05;  Fig.  IB).  Treatment 
with  5  pM  and  10  pM  LNF  led  to  nearly  10%  and  25%  of  cells  harboring  extensive 
microtubule  bundling,  respectively.  Similar  microtubule  bundles  were  observed  in  nearly 
60%  of  cells  treated  with  paclitaxel,  while  cells  treated  under  the  same  condition  with  the 
non-microtubule  targeting,  DNA-intercalating  agent,  adriamycin  (ADR)  had  identical 
microtubule  morphologies  as  control  cells. 

lo  examine  whether  these  effects  were  cell-line  specific  we  performed 
immunofluorescence  microscopy  with  an  anti  a-tubulin  antibody  on  A549  and  HI 299 
human  lung  cancer  cells  treated  with  LNF.  Representative  data  from  this  experiment  are 
shown  in  Figure  SI -A  depicting  a  dose-dependent  increase  in  microtubule  bundling 
following  LNF  treatment  for  48  hr. 

Lonafarnib  treatment  increases  tubulin  acetylation  and  microtubule  stability 
The  appearance  of  microtubule  bundles  after  LNF  treatment  in  A549,  HI 299,  and  MCF-7 
cells  raises  the  possibility  that  LNF  can  affect  microtubule  stability  in  a  manner  similar  to 
paclitaxel.  To  validate  this  hypothesis,  indirect  immunofluorescence  using  an  antibody 
against  acetylated  a-tubulin  was  performed.  Acetylation  of  a-tubulin  at  lysine  40  is  an 
established  marker  of  microtubule  stability  (30).  Thus,  the  amount  of  acetylated  tubulin  is 
thought  to  be  proportional  to  the  stability  of  the  microtubule.  As  shown  in  Figure  1C, 
LNF-  treatment  for  48  hr  resulted  in  a  marked  dose-dependent  increase  in  acetylated  a- 
tubulin,  in  contrast  to  the  low  basal  levels  of  acetylated  tubulin  in  untreated  cells.  This 
effect  was  similar  to  paclitaxel-induced  tubulin  acetylation,  suggesting  that  LNF  may  also 
affect  microtubule  stability  similar  to  paclitaxel. 

Fo  turther  probe  the  effects  of  LNF  treatment  on  microtubule  stabilization,  a  cell-based 
tubulin  polymerization  assay  was  performed  (31,  32).  This  quantitative  tubulin 
polymerization  assay  is  based  on  the  fact  that  drug-stabilized  microtubule  polymers 
remain  detergent-insoluble  when  extracted  in  a  hypotonic  buffer,  and  therefore,  remain  in 
the  pellet  after  centrifugation.  Conversely,  the  pool  of  soluble  tubulin  dimers  remains  in 
the  supernatant.  LNF  treatment  resulted  in  a  dose-dependent  increase  in  tubulin 
polymerization,  as  shown  by  the  increase  in  the  percentage  of  tubulin  found  in  the  pellet 
fraction,  as  compared  with  untreated  control  cells  (Fig.  ID).  Specifically,  untreated  cells 
contain  almost  no  stabilized  tubulin  (0%  tubulin  in  the  pellet)  under  our  experimental 
conditions,  whereas  LNF  treatment  (5-20  pM)  led  to  a  dose-dependent  increase  in  tubulin 
polymerization  (25-60%  ot  total  tubulin  in  the  pellet  fraction).  Similarly,  treatment  with  5 
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nM  paclitaxel  resulted  in  about  80%  tubulin  polymerization.  The  same  blot  was  re¬ 
probed  with  an  antibody  against  acetylated  a-tubulin.  A  similar  dose-dependent  increase 
in  acetylated  a-tubulin  in  the  pellet  was  observed  upon  LNF  treatment  and  this  shift  of 
acetylated-tubulin  towards  the  polymerized  (P)  fraction  was  greater  than  total  tubulin. 
Thus,  the  majority  of  tubulin  polymers  in  the  pellet  fraction  represent  stabilized 
acetylated  microtubules  rather  than  random  microtubules  trapped  in  this  fraction. 

Transmission  electron  microscopy  confirms  microtubule  bundles  in  LNF-treated  cells 
To  obtain  high-resolution  analysis  of  LNF-induced  changes  of  the  microtubule 
architecture,  we  performed  transmission  electron  microscopy  (TEM;  33).  In  contrast  to 
control  cells,  which  had  individual  microtubules  throughout  the  cell’s  cytoplasm,  LNF 
treatment  induced  the  formation  of  microtubule  bundles,  similar  to  the  bundles  observed 
with  paclitaxel  (Fig  2S-B).  Interestingly,  LNF  treatment  mainly  led  to  the  formation  of 
loose  microtubule  clusters  that  were  longer  in  length  but  not  as  tightly  packed  as 
paclitaxel-induced  microtubule  bundles,  suggesting  that  LNF-induced  bundles  may  differ 
morphologically  from  paclitaxel-induced  bundles  (Fig.  2S-B,  insets). 

LNF  suppresses  microtubule  dynamics  in  MCF-7  cells 

Drugs  that  target  microtubules,  potently  suppress  microtubule  dynamics  at  relatively  low 
concentrations  (16,  34)  and  this  function  is  essential  for  their  activity.  Our  results  show 
LNF  targets  cellular  microtubules,  therefore,  we  investigated  whether  LNF  also  affects 
microtubule  dynamics,  similar  to  other  microtubule-targeting  drugs.  To  test  this 
hypothesis,  we  measured  microtubule  dynamics  in  living  MCF7-GFP:tubulin  breast 
cancer  cells  using  live-cell  fluorescence  microscopy.  Time-lapse  sequences  of 
microtubule  movements  were  generated,  from  untreated  and  LNF  treated  cells. 
Representative  time  frames  show  microtubule  growth  (white  arrows),  shortening  (black 
arrows),  and  pause  (white  dashed  arrows)  in  untreated  control  cells  (Fig.  2A).  In  order  to 
quantitate  LNF’s  effects  on  microtubule  dynamics,  we  tracked  microtubule  movements  in 
cells  treated  with  10  pM  LNF  and  untreated  control  cells.  Individual  microtubule  life 
history  plots,  depicting  changes  in  microtubule  length  over  time  were  generated  (Fig 
2B). 

From  these  life  history  plots  various  parameters  of  microtubule  dynamics  were  measured, 
comparing  the  dynamicity  of  microtubules  in  control  cells  and  LNF-treated  cells  (Table 
I).  These  data  show  that  there  is  a  significant  difference  (p-value  <  0.05)  in  the  mean  rate 
(pm/min)  of  microtubule  growth  and  shortening  with  a  decrease  of  31%  and  41%, 
respectively,  when  LNF-treated  cells  (10  pM  for  48  hrs)  are  compared  to  control  cells! 
Consequently,  mean  growth  and  shortening  length  (pm)  also  decreased  by  34%  and  42%, 
respectively.  When  the  percentage  of  total  time  that  microtubules  spent  in  growth! 
shortening  and  pause  states  was  determined,  the  growth  time  dropped  from  30  to  17%, 
shortening  time  from  17  to  8.8%,  and  paused  time  increased  from  53  to  74.2%;  whereas 
the  rescue  and  catastrophe  frequencies  per  micrometer  increased  31  and  12%, 
respectively  (see  methods  tor  definition).  The  overall  dynamicity  of  microtubules,  which 
represents  the  total  tubulin  length  change/min  after  LNF  (10  pM)  treatment,  decreased  by 
63%.  At  20  pM  LNF  microtubules  were  almost  completely  stabilized  and  most  cells  had 
few  if  any  dynamic  microtubules. 
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Combination  of  LNF  with  paclitaxel  synergistically  increases  acetylated  tubulin,  mitotic 
arrest,  and  cell  death 

FTIs  have  been  shown  to  synergize  with  microtubule  stabilizing  drugs  in  numerous 
preclinical  models  as  well  as  in  a  phase  I  clinical  trial  (25).  These  observations  were 
contirmed  in  our  laboratory  by  performing  combination  index  analysis  assays  of  10 
different  human  cancer  cell  lines  treated  with  paclitaxel  and  LNF.  These  assays  revealed 
a  marked  synergy  (Cl  =  0.2-0. 7)  between  the  two  drugs  (data  not  shown)  and  is 
consistent  with  previous  findings.  Our  results,  together  with  the  reported  literature, 
prompted  us  to  hypothesize  that  the  synergy  of  LNF  with  taxanes  may  in  part  be  due  to 
their  combined  effects  on  cellular  microtubule  acetylation  and  stability. 

to  test  this  hypothesis  we  quantitated  acetylated  tubulin  levels  using  flow  cytometry  in 
cells  treated  for  16  hr  (unlike  the  48  hr  treatment  in  Fig. IB)  with  LNF  and  paclitaxel, 
both  alone  and  in  combination.  As  shown  in  Figure  4A  there  was  not  a  significant 
diflerence  in  acetylated  tubulin  levejls  between  control  untreated  cells  and  cells  treated  for 
only  16  hr  with  LNF  (1,5,  and  10  pM)  or  paclitaxel(2,  5  and  10  nM)  alone.  In  contrast, 
the  combination  of  1,  5,  and  10  pM  LNF  with  as  low  as  2  nM  paclitaxel  resulted  in  a 
marked  increase  of  acetylated  tubulin  similar  to  that  observed  with  100  nM  of  paclitaxel 
alone  (Fig.  3A).  Notably,  non-microtubule-targeting  chemotherapy  drugs,  such  as 
adriamycin  (DNA-intercalating  antibiotic)  and  U89  (anti-metabolite)  had  no  effect  on 
acetylated  tubulin  levels;  whereas,  the  microtubule-destabilizing  drug  vincristine  led  to  a 
slight  decrease  of  acetylated  tubulin  levels  compared  to  untreated  cells  (Figure  3A). 

lo  further  explore  the  synergistic  combination  of  LNF  with  paclitaxel, 
immunofluorescence  analysis  of  acetylated  tubulin  at  two  different  time  points  was 
performed  (Fig.  3B).  This  analysis  confirmed  the  marked  increase  in  acetylated  tubulin 
levels  after  16  hr  when  low  doses  of  LNF  (at  0.5,  1,  and  5  pM)  were  combined  with  low 
doses  of  2nM  paclitaxel.  At  32  hr  of  treatment  similar  effects  on  acetylated  tubulin  were 
observed,  suggesting  that  this  effect  is  maintained  for  at  least  32  hr. 

Since  tubulin  acetylation  is  associated  with  microtubule  stability,  we  examined  whether 
the  increased  levels  of  acetylated  tubulin  observed  with  the  combination  of  LNF  and 
paclitaxel  resulted  in  increased  mitotic  arrest  and  cell  death.  Flow  cytometry  analysis  of 
DNA  content  revealed  that  the  combination  of  LNF  and  paclitaxel  led  to  a  synergistic 
increase  in  G2/M  arrest  as  compared  to  each  drug  alone  (Fig.  3C).  Specifically,  16  hr 
treatment  with  as  low  as  LNF  0.5  pM  +  PTX  2  nM  resulted  in  a  dramatic  increase  in 
G2/M  arrested  cells  as  compared  to  untreated  cells  or  cells  treated  with  each  drug  alone. 
Longer  treatment  (32  hr)  with  the  Same  drug  combinations  resulted  in  a  dose-dependent 
increase  in  apoptotic  cell  death  that  is  likely  due  to  cells  previously  arrested  in  mitosis 
becoming  apoptotic  (Fig.  3C).  The  percentage  of  apoptotic  cells  in  the  combination 
treatments  was  similar  to  that  achieved  with  PTX  at  100  nM,  whereas  either  drug  alone  at 
low  dose  produced  minimal  apoptotic  cells.  Overall,  these  results  show  that  the 
LNF/paclitaxel-mediated  increase  in  tubulin  acetylation  correlates  with  a  synergistic 
increase  in  mitotic  arrest  and  cell  death. 
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The  synergistic  increase  in  tubulin 
inhibition 


acetylation  correlates 


with  farnesyl  transferase 


Since  LNF  inhibits  the  farnesyl  transferase  enzyme,  we  wanted  to  determine  if  the 
increase  in  tubulin  acetylation  observed  with  the  combination  of  LNF  and  paclitaxel 
correlates  with  farnesyl  transferase  inhibition  in  cells.  If  so,  it  would  suggest  that  the 
observed  increase  in  tubulin  acetylation  may  be  a  consequence  of  FTase  inhibition.  To  do 
this,  HDJ-2  was  used  as  a  readout  for  farnesyl  transferase  inhibition,  since  FTI  treatment 
inhibits  HDJ-2  famesylation  resulting  in  the  appearance  of  a  slower-migrating  non- 
tarnesylated  HDJ-2  form.  As  shown  in  Fig.  4A,  IpM  LNF  alone  and  in  combination  with 
paclitaxel  inhibited  HDJ-2  famesylation  in  a  time-dependent  manner,  as  assessed  by  the 
increase  of  the  non-famesylated  (upper  band)  and  concomitant  decrease  of  the 
famesylated  FLDJ-2  band  (lower  band).  As  expected,  paclitaxel  alone  had  no  effect  on 
HDJ-2  famesylation.  When  the  same  blots  were  reprobed  for  acetylated  a-tubulin,  we 
observed  a  correlation  between  inhibition  of  HDJ-2  famesylation  and  tubulin  acetylation 
beginning  at  3  hr  treatment  with  the  LNF/paclitaxel  combination.  In  contrast,  minimal 
effect  on  tubulin  acetylation  was  observed  with  either  drug  alone.  Taken  together,  these 
results  show  a  positive  temporal  correlation  between  farnesyl  transferase  inhibition  and 
tubulin  acetylation,  when  LNF  and  paclitaxel  are  combined. 

Next,  we  wanted  to  determine  if  there  is  also  a  correlation  between  tubulin  acetylation 
and  mitotic  arrest.  Therefore,  in  parallel  with  the  time  course  experiment  described 
above,  we  quantitated  the  percentage  of  cells  in  mitosis  after  treatment  with  the 
combination  of  LNF  and  paclitaxel.  This  result  is  represented  in  the  bar  graph  in  Figure 
4B  showing  that  there  is  about  a  3  hr  delay  between  the  increase  in  microtubule 
acetylation  (starting  at  3  hr)  and  the  First  indication  of  mitotic  arrest  (at  6hr).  Furthermore, 
the  percentage  of  cells  in  mitosis  increased  with  longer  exposures  to  the  combination  of 
the  two  drugs,  peaking  at  12  hr  of  treatment.  Overall,  this  result  shows  that  when  LNF 
and  paclitaxel  are  combined,  microtubule  acetylation  occurs  prior  to  mitotic  arrest  and 
suggests  that  there  is  a  correlation  between  tubulin  acetylation/stability  and  mitotic  arrest. 


L.\b  in  combination  with  paclitaxel  inhibits  the  tubulin  deacetylating  activity  of  HDAC6 
Our  observation  that  LNF  and  paclitaxel  synergistically  enhance  tubulin  acetylation 
(Figure  3)  prompted  us  to  explore  the  possibility  that  this  effect  is  due  to  the  functional 
inhibition  of  the  only  known  tubulin  specific  deacetylase  (35),  histone  deacetylase  6 
(HDAC6).  To  determine  the  effect  of  LNF  on  HDAC6  function  we  transfected  A549 
cells  with  FLAG-tagged  HDAC6  (wild-type  or  catalytic  subunit  mutant)  and  these 
proteins  were  immunoprecipitated  with  an  anti-FLAG  antibody  (see  Material  and 
Methods).  The  tubulin  deacetylase  activity  of  HDAC6  in  the  presence  of  LNF  and 
paclitaxel  was  assayed  in  vitro  by  co-incubating  the  immunoprecipitants  with  purified 
bovine  brain  microtubule  protein.  Western  blot  analyses  of  acetylated  tubulin  levels  were 
used  as  a  read-out  for  HDAC6  activity  (Fig.5A),  such  that  HDAC6  functionality  is 
evidenced  by  tubulin  deacetylation.  As  a  positive  control  we  used  trichostatin  A  (TSA), 
which  inhibits  the  function  of  all  HDACs  including  HDAC6.  As  expected  bovine  brain 
tubulin  is  heavily  acetylated  (lane  1)  and  co-incubation  with  wt-HDAC6  almost 
completely  deacetylated  tubulin  (lane  3).  In  contrast,  co-incubation  with  the  catalytically 
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inactive  mutant  HDAC6  had  no  effect  on  tubulin  acetylation  (last  lane).  The  addition  of 
LNF  or  paclitaxel  alone  to  the  purified  wild-type  HDAC6-tubulin  complex  had  no  effect 
on  HDAC6  activity,  since  tubulin  was  heavily  deacetylated  indicating  normal  HDAC6 
activity.  In  contrast,  when  LNF  (variable  doses)  and  paclitaxel  (kept  constant  at  10  pM) 
were  combined  in  vitro,  there  was  a  dose-dependent  increase  of  tubulin  acetylation, 
suggesting  that  the  combination  of  these  agents  inhibits  tubulin  deacetylating  HDAC6 
activity.  Paclitaxel  alone  had  no  effect  on  HDAC6  activity  even  at  100  pM.  We  also 
tested  the  microtubule  depolymerizing  agent  colchicine  for  HDAC6  inhibitory  activity, 
and  like  paclitaxel,  it  did  not  inhibit  HDAC6  function. 

Since  our  results  suggest  that  the  combination  of  lonafarnib  and  paclitaxel  synergistically 
inhibit  HDAC6  function,  we  wanted  to  determine  if  these  drugs  also  affect  the  function 
of  other  HDACs.  Thus,  we  treated  A549  cells  with  lonafarnib,  alone  and  in  combination 
with  paclitaxel  for  16  hr,  and  probed  for  acetylated  histone  3  (H3).  TSA  (a  pan-HDAC 
inhibitor)  was  included  as  a  positive  control.  As  expected,  treatment  with  TSA  resulted  in 
increased  levels  of  acetylated  H3.  In  contrast,  no  effect  on  acetylated  H3  was  observed 
with  LNF  treatment  either  alone  or  in  combination  with  paclitaxel  (Fig.  S2),  suggesting 
that  LNF  and/or  paclitaxel  do  not  affect  the  function  of  other  HDACs. 

To  probe  the  importance  of  HDAC6  inhibition  in  the  mechanism  of  synergy  between 
LNI  and  paclitaxel,  we  combined  the  specific  HDAC6  inhibitor,  tubacin,  with  paclitaxel. 
This  experiment  allows  us  to  determine  whether  the  combination  of  a  specific  HDAC6 
inhibitor  with  paclitaxel  leads  to  a  synergistic  increase  in  tubulin  acetylation,  similar  to 
the  LNF/paclitaxel  combination.  Western  blot  analysis  of  A549  cells  treated  with  the 
combination  of  tubacin  and  paclitaxel  at  low  doses  (beginning  at  0.3  pM  tubacin  and  1 
nM  paclitaxel)  led  to  a  synergistic  increase  in  acetylated  tubulin,  as  compared  to  either 
drug  alone  (Fig  5B).  These  findings  were  confirmed  with  acetylated  tubulin 
immunofluorescence  (data  not  shown).  Thus,  specific  inhibition  of  HDAC6  (e.g.,  with 
tubacin)  in  combination  with  paclitaxel  leads  to  a  synergistic  increase  in  acetylated 
tubulin,  further  suggesting  that  the  LNF/paclitaxel  inhibition  of  HDAC6  activity  provides 
a  mechanistic  basis  for  the  enhanced  tubulin  acetylation.  Furthermore,  the  addition  of  3 
and  10  pM  tubacin  (ICso  >  ImM)  to  PTX  (ICso  7.7  ±  1.7  pM)  decreased  the  ICso  of  PTX, 
20.8  and  31.5%,  respectively  (Table  SI).  Similar  results  were  also  observed  when  tubacin 
was  combined  with  docetaxel  (Table  SI),  suggesting  that  although  tubacin  as  a  single 
agent  is  not  cytotoxic,  its  affect  on  tubulin  acetylation  can  enhance  the  cytotoxicity  of 
PTX. 

To  further  explore  the  functional  importance  of  HDAC6  in  the  synergy  between  LNF  and 
paclitaxel  we  tested  this  drug  combination  in  a  pair  of  cell  lines  engineered  to  stably 
express  either  wild-type  HDAC6  (HDAC6-wt)  or  a  catalytic  mutant  HDAC6  (HDAC6- 
mut).  These  cells  lines  will  allow  us  to  determine  if  a  functional  HDAC6  protein  is 
required  for  the  observed  effects  on  acetylated  tubulin.  In  agreement  with  previously 
published  data  (35),  HDAC6-wt  cells  had  lower  baseline  levels  of  acetylated  tubulin 
relative  to  HDAC6-mut  cells,  consistent  with  the  presence  of  a  functional  versus  a  non¬ 
functional  HDAC6  (Figure  5C,  untreated).  Upon  treatment  with  the  LNF/paclitaxel 
combination,  there  was  a  synergistic  increase  in  acetylated  tubulin  in  HDAC6-wt  cells  as 
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expected;  however  the  LNF/paclitaxel  combination  had  no  effect  on  tubulin  acetylation 
in  the  HDAC6-mut  cells.  This  results  indicates  that  the  synergistic  increase  in  acetylated 
tubulin  induced  by  the  LNF/paclitaxel  combination  is  dependent  upon  the  presence  of  a 
functional  HDAC6.  To  extend  these  observations,  we  used  another  taxane,  docetaxel 
(DTX),  in  combination  with  LNF. 

Next,  we  wanted  to  determine  if  functional  HDAC6  is  required  not  only  for  the 
synergistic  increase  in  acetylated  tubulin  with  the  LNF/taxane  combination  (Figure  5C), 
but  also  for  the  synergistic  anti-proliferative  activity  of  the  drugs.  Thus,  we  performed 
cytotoxicity  assays  employing  the  routinely  used  combination  index  analysis  to  assess 
synergy  between  the  two  drugs  against  cells  with  HDAC6-wt  and  HDAC6-mut  genetic 
background.  Our  results  show  that  the  combination  of  LNF  with  DTX  resulted  in  a  robust 
synergistic  anti-proliferative  effect  in  HDAC6-wt  cells  (mean  CI=0.4  indicating  strong 
synergy;  Figure  5D).  In  stark  contrast,  the  combination  of  LNF  and  DTX  was 
antagonistic  in  the  FrDAC6-mut  cells  (mean  CI=2.5),  suggesting  that  the  lack  of 
lunctional  HDAC6  in  these  cells  not  only  precludes  increased  levels  of  acetylated  tubulin 
with  this  drug  combination  but  also  abolishes  their  anti-proliferative  synergy.  To  confirm 
that  the  combination  of  DTX  with  LNF  inhibits  the  tubulin  deacetylase  activity  of 
HDAC6  in  vitro,  similar  to  our  previous  results  with  paclitaxel  (Figure  5 A),  we  used  cells 
stably  expressing  wild-type  HDAC6  to  immunoprecipitate  HDAC6,  and  performed 
another  in  vitro  tubulin  deacetylase  assay.  Our  data  show  that  the  combination  of  10  pM 
LNF  with  10  pM  DTX  resulted  in  a  synergistic  inhibition  of  HDAC6  function,  as 
evidenced  by  the  appearance  of  acetylated  tubulin,  whereas  either  drug  alone  had  no 
effect  on  HDAC6  functionality  (Figure  5E).  Collectively,  these  data  provide  a 
mechanistic  link  between  FTDAC6  inhibition,  tubulin  acetylation  and  the  synergistic 
interaction  of  these  drugs. 

Discussion: 

Analyzing  the  effects  of  LNF  as  a  single  agent  on  microtubules 

1  he  tarnesyl  transferase  inhibitors  were  developed  as  targeted  therapies  against  cancers 
with  oncogenic  Ras  mutations,  however,  FTls  were  shown  to  retain  their  activity 
independently  of  Ras  status(  1 1-13)  Here  we  examined  the  effects  of  the  FT1,  lonafamib 
(LNF),  on  interphase  microtubules  in  human  cancer  cells.  Our  results  demonstrate  that 
prolonged  exposure  (48  hr)  to  LNF  alone  leads  to  microtubule  stabilization  as  evidenced 
by  increased  tubulin  acetylation,  suppression  of  microtubule  dynamics,  and  bundle 
formation  (Figs.  1-2,  Table  I).  Since  tubulin  acetylation  is  an  established  marker  of 
microtubule  stability  (30),  we  believe  that  the  LNF-induced  microtubule  stabilization 
may  contribute  to  its  anti-proliferative  effects,  similar  to  the  taxanes  and  epothilones. 
However,  it  is  important  to  note  that  the  microtubule-stabilizing  capacity  of  LNF  is  weak 
relative  to  other  established  microtubule  stabilizing  agents,  which  stabilize  microtubules 
at  low  nanomolar  concentrations.  This  suggests  that  the  mechanism  by  which  LNF 
induces  microtubule  stabilization  may  differ  from  traditional  microtubule-stabilizing 
agents  (e.g.  the  taxanes).  Further  supporting  this  hypothesis,  is  our  electron  microscopy 
analysis  (Figure  1S-B),  which  show  that  LNF-induced  microtubule  bundles  are  longer 
and  not  as  tightly  clustered  as  paclitaxel-induced  bundles,  suggesting  that  their  differing 
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morphologies  may  stem  from  alternative  mechanisms  of  bundle  formation  Thus,  we 
propose  that  LNF  is  a  microtubule-stabilizing  agent,  however  its  mechanism  of 
microtubule  stabilization  likely  varies  from  established  microtubule-stabilizing  agents. 

Microtubule  acetylation  and  the  mechanism  of  synergy  between  LNF  and  the  taxanes 
Previous  reports  have  shown  that  FTIs  synergize  with  taxanes  and  epothilones  in  a 
variety  of  human  cancer  cell  lines  in  vitro  and  in  vivo  (22,  24);  however,  the  mechanism 
underlying  this  synergy  is  unknown.  Our  results  show  that  the  combination  of  low  doses 
ol  LNF  (beginning  at  0.5  pM)  and  paclitaxel  (2nM)  resulted  in  a  dramatic  increase  in 
tubulin  acetylation  (Figure  3A-C).  compared  to  untreated  cells  or  each  drug  treatment 
alone.  Importantly,  the  mean  Cmax  of  LNF  achieved  in  patients  dosed  twice  daily  with  200 
mg  of  LNF  is  4.4  pM  (unpublished)  and  therefore  the  doses  (LNF  beginning  at  0.5  pM) 
at  which  we  observed  synergistic  enhancement  of  acetylated  tubulin  are  within  the  Cmax. 
Furthermore,  the  effect  of  LNF/PTX  on  acetylated  tubulin  was  observed  in  as  little  as  3 
hr  of  drug  treatment  (Fig  4A)  and  preceded  the  synergistic  increase  in  mitotic  arrest  (Fig. 
3C.  4B),  suggesting  that  increased  microtubule  acetylation/stability  is  associated  with 
aberrant  mitotic  arrest  and  cell  death.  Nevertheless,  it  remains  unclear  if  LNF/PTX 
induced  microtubule  acetylation  only  serves  as  marker  for  cell  death  or  instead  is  the 
catalyst,  and  therefore  studies  are  underway  addressing  this  issue. 


Mechanistically,  we  show  that  the  synergistic  increase  in  microtubule  acetylation  is  due 
to  the  effect  of  the  combination  of  LNF  and  paclitaxel  on  the  tubulin  deacetylase  HDAC6 
(Fig.  5).  We  propose  that  the  enhanced  tubulin  acetylation  we  observe  is  due  to  the 
inhibition  of  HDAC6  function.  We  provide  four  lines  of  evidence  to  support  this  claim. 
First,  we  show  that  the  combination  of  LNF  and  paclitaxel  inhibit  HDAC6  tubulin 
deacetylating  activity  in  vitro,  whereas  either  drug  alone  had  no  effect  (Fig  5A).  Second, 
we  can  reproduce  the  LNF/pacIitaxel-induced  increase  in  tubulin  acetylation  by  using 
tubacin,  a  specific  HDAC6  inhibitor,  in  combination  with  paclitaxel  (Figure  5B).  This 
suggests  that  pharmacologic  inhibition  of  HDAC6  in  combination  with  paclitaxel 
synergistically  increases  tubulin  acetylation.  Third,  cells  expressing  a  catalytically 
inactive  HDAC6  (HDAC6-mt)  fail  to  show  an  increase  in  acetylated  tubulin  when  LNF 
and  paclitaxel  are  combined  (Figure  5C),  suggesting  that  this  drug  combination  requires 
functional  HDAC6  to  retain  efficacy.  Fourth,  the  robust  cytotoxic  synergy  of  LNF  and 
docetaxel  is  lost  in  these  cells  expressing  mutant  HDAC6,  whereas  potent  synergy 
remains  in  their  wild  type  HDAC6  counterparts  (Figure  5D).  This  observation  provides 
evidence  that  the  deacetylating  activity  of  HDAC6  is  required  for  the  LNF/taxane 
synergy,  providing  a  mechanistic  link  between  functional  HDAC6,  tubulin  acetylation 
and  cell  death.  However,  it  is  still  unknown  whether  the  effect  of  the  LNF/taxane 
combination  on  HDAC6  function  is  due  to  direct  binding  of  these  drugs  to  this  enzyme  or 
due  to  their  effects  on  microtubule  stability,  which  in  turns  alters  the  affinity  of  HDAC6 
tor  the  microtubule.  We  favor  the  latter  scenario,  since  either  drug  alone  does  not  alter 
HDAC6  function,  reducing  the  likelihood  that  these  drugs  bind  HDAC6  directly. 

Is  there  a  biological  link  between  FTase  inhibition  and  microtubule  acetylation? 
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Since  all  FTIs  tested  to  date  synergize  with  paclitaxel,  it  is  likely  that  they  share  a 
common  mechanism  of  synergy  related  to  famesyl  transferase  inhibition.  In  Fig.  4A,  we 
show  that  the  increase  in  tubulin  acetylation  observed  with  the  low  dose  LNF/paclitaxel 
combination,  correlates  with  famesyl  transferase  inhibition.  This  result  suggests  that 
inhibition  of  famesyl  transferase  may  be  biologically  linked  with  enhanced  tubulin 
acetylation.  Currently,  there  are  no  reports  of  a  link  between  the  FTase  enzyme  and 
interphase  microtubules.  Preliminary  data  from  our  laboratory  in  50  human  cancer  cell 
lines  used  in  the  NCI  Anticancer  Drug  Screen  (http://dtp.nci.nih.uov)  have  revealed  that 
acetylated  tubulin  protein  levels  negatively  correlated  with  FTase  gene  expression  and 
protein  levels  (COMPARE  analysis 

http://itbwork.nci.nih.gov/CompareServer/CompareServer;  unpublished  data).  Thus,  it 
may  be  possible  that  proteins  regulating  microtubule  stability  are  farnesylated  by  FTase; 
consequently,  inhibition  of  FTase  by  LNF  may  in  turn  affect  microtubule  stability.  In  fact 
it  is  already  known  that  the  mitotic  microtubule  associated  protein,  CENP-E,  is 
farnesylated  and  its  association  with  microtubules  during  mitosis  is  altered  in  mitotic 
cells  (27).  Thus,  further  investigation  of  a  putative  link  between  FTase  and  interphase 
microtubules  is  warranted. 

Overall,  our  data  show  that  treatment  with  LNF  alone  causes  microtubule  bundling, 
increased  microtubule  acetylation  and  stabilization,  and  suppression  of  microtubule 
dynamics.  This  result  is  consistent  with  LNF  being,  in  addition  to  its  role  as  an  FTI,  a 
microtubule-stabilizing  agent.  Importantly,  our  data  also  show  that  functional  HDAC6  is 
required  for  the  synergy  between  LNF  and  the  taxanes  and  suggest  that  there  is  a  link 
between  FTase  and  tubulin  acetylation.  As  there  are  ongoing  phase  II  and  III  trials  testing 
the  efficacy  of  this  drug  combination,  elucidating  the  molecular  mechanism(s)  of  synergy 
can  provide  insight  into  the  design  of  future  combination  cancer  therapies. 

Materials  and  Methods 

Cell  Culture 

The  human  non-small  cell  lung  cancer  cell  lines,  A549  and  HI 299,  were  maintained  in 
RPM1  1640  supplemented  with  5%  fetal  calf  serum,  nonessential  amino  acids  and  0.1% 
penicillin/streptomycin  at  37  C  in  5%  C02.  Live  cell  microscopy  was  performed  with 
MCF-7  breast  cancer  cells  stably  transfected  with  GFP:a-tubulin  and  maintained  in 
DMEM  supplemented  with  5%  fetal  calf  serum,  nonessential  amino  acids  and  0.1% 
penicillin/streptomycin..  All  lines  were  cultured  at  37°C  in  a  humidified  atmosphere  with 
5%  CO2.  NIH-3T3  cells  expressing  various  HDAC6  constructs  were  previously 
generated  (35)  and  were  cultured  in  DMEM  medium  under  the  same  conditions. 

Immunofluorescence  analysis 

Immunofluorescence  microscopy  was  performed  as  previously  described  (36).  Cells  were 
fixed  in  PHEMO  buffer  (68  mM  PIPES,  25  mM  HEPES,  15  mM  EGTA,  3  mM  MgCl2, 
10%  DMSO)  with  3.7%  formaldehyde,  0.05%  glutaraldehyde,  0.5%  Triton  X-100.  Cells 
were  washed  in  PBS  3  times  for  5  minutes  then  blocked  in  10%  goat  serum  for  15 
minutes.  The  following  primary  antibodies  were  used:  a-tubulin  (Chemicon 
International.  MABI864;  1:500  dilution)  and  acetylated  tubulin  (Sigma  T-6793,  dilution 
1:1000)  with  incubation  times  of  !  hr.  The  secondary  antibodies  used  were  Alexa  563 
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conjugated  goat  anti-rat  IgG  (1:500);  Alexa  488  conjugated  goat  anti-mouse  IgG 
antibody  (1 :500),  both  from  Molecular  probes.  Cells  were  imaged  using  a  Zeiss  LSM  510 
Meta  (Thomwood,  NY)  confocal  microscope  using  a  either  a  63X  (N.A.  1.4)  or  100X 
(N.A.  1.4)  Apochromat  objective.  To  stain  DNA  for  mitotic  cell  counting,  we  fixed  cells 
as  described  above,  and  added  Sytox  Green  (Molecular  Probes;  #S7020)  to  the  Gel 
Mount  mounting  media  (Biomeda  Corp;  Foster  City,  CA).  All  images  were  acquired 
using  Zeiss  LSM  510  software  and  processed  in  Adobe  Photoshop  7.0 


Cell  tubulin  polymerization  assay 

Quantitative  drug-induced  tubulin  polymerization  was  performed  as  previously 
described(3 1,  32).  The  percent  pellet  (%P)  is  calculated  as  the  amount  of  polymerized 
tubulin  (P),  over  the  total  amount  of  polymerized  and  soluble  tubulin  (P+S)  times  100 
(P/(P+S)  x  100}  based  upon  densitometric  analysis. 

Electron  Microscopy 

A549  cells  were  seeded  on  Thermanox  cover  slips  (Electron  Microscopy  Sciences 
#72280)  in  24  well  plates  and  grown  overnight  to  60%  confluency.  Cells  were  then 
treated  with  10  pM  LNF  for  48  hrs  and  fixed  using  a  protocol  described  in  Vanier  et  al 
(33).  Cells  were  then  fixed  in  2%  glutaraldelhyde  for  4  hours  at  room  temperature,  rinsed 
in  distilled  water  twice,  post-fixed  in  1%  OsCTj  in  0.1M  sodium  cacodylate  buffer  (pH 
7.4)  at  4°C  for  1  hour  and  finally  rinsed  in  distilled  water  as  above.  Samples  were  then 
dehydrated  through  an  ethanol  series  (30,  50,  60,  80,  90,  100,  100%)  followed  by  2 
changes  of  propylene  oxide  (PPO;  10  minutes  each).  Then  samples  were  infiltrated  with 
Embed  812  (Electron  Microscopy  Sciences)  for  3  days  according  to  the  manufacturer’s 
instructions.  Each  block  was  cut  at  1mm  x  1mm  using  a  diamond  knife  and  RMC  MT- 
7000  ultramicrotome,  and  thin  sections  were  made  and  collected  onto  200  mesh  copper 
grids.  Grids  were  post  stained  with  10%  uranyl  acetate  in  distilled  water  and  then  2%  lead 
citrate  in  distilled  water  for  20  minutes  in  each  treatment. 

FLOW  cytometry  analysis 

To  determine  acetylated  tubulin  levels,  cells  were  plated  and  on  the  following  day  treated 
with  different  concentrations  of  the  drugs  for  16  hr.  After  drug  treatment,  cells  were  fixed 
with  PHEMO  buffer  for  10  minutes  as  previously  described  (36)  and  stained  with  an 
antibody  against  acetylated  tubulin  (1:500;  Sigma  T-6793)  followed  by  secondary  Alexa 
488  goat  anti-mouse  IgG  antibody  (1:500).  Finally,  cells  were  scraped  into  1  ml  of  PBS, 
and  FLOW  cytometry  analysis  was  performed  on  a  Becton  Dickinson  FLOW  cytometer. 

For  cell  cycle  analysis,  cells  were  scraped  from  plates,  centrifuged  at  1000  rpm  for  5 
minutes,  and  propidium  iodide  buffer  containing  0.1  mg/ml  propidium  iodide  and  NP-40 
(0.6%)  in  water  was  used  to  resuspend  cells.  Cell  were  incubated  in  this  buffer  for  30 
minutes  at  room  temperature  in  the  dark,  then  passed  through  a  filter  to  remove  cell 
clumps  and  finally  read  in  a  Becton  Dickinson  FLOW  cytometer 

Microtubule  dynamics  assays 
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Experiments  were  performed  using  a  MCF-7  breast  cancer  cell  line  stably  expressing  a 
GFP-a-tubulin  microtubule  reporter  protein  (kind  gift  of  Dr.  Mary  Ann  Jordan).  Cells 
were  plated  and  analyzed  as  previously  described  (34).  Images  were  taken  using  a 
Hamamatsu  Orca  ER  camera  (Middlesex,  NJ)  every  four  seconds  for  two  minutes  (250- 
400  s  exposure)  on  a  Zeiss  Axiovert  (Thomwood,  NJ)  epi-fluorescence  microscope 
equipped  with  100X  Apochromat  (N.A.=  1.4)  oil  lens  and  adjustable  mercury  arc  lamp 
(set  at  100%  intensity).  A  stage  heater  as  well  as  Zeiss  heating  chamber  were  used  to 
maintain  the  temperature  at  37  ±0.5°C.  Microtubules  ends  at  the  lamellar  edge  of 
interphase  cells  were  imaged  and  subsequently  tracked  using  the  “track  points”  feature  on 
Metamorph  image  analysis  software  (Universal  Imaging,  Downingtown,  PA).  The 
coordinates  generated  from  this  tracking  feature  were  used  to  determine  the  distance 
individual  microtubule  ends  changed  from  a  fixed  point.  These  values  were  transferred  to 
a  Microsoft  Excel  spreadsheet  and  used  to  generate  life  history  plots  of  individual 
microtubules.  From  these  graphs,  the  various  parameters  shown  in  Table  I  were 
calculated.  All  p-values  were  calculated  using  the  Student’s  T-test. 

Microtubule  dynamicity  is  defined  as  the  total  length  grown  and  shortened  during  the  life 
(measured  in  min.)  of  an  individual  microtubule.  A  catastrophe  is  defined  as  a  transition 
into  microtubule  shortening  while  a  rescue  is  a  transition  from  shortening  to  growth  or 
pause.  To  calculate  catastrophe  frequency  per  unit  time  or  per  unit  length  the  number  of 
catastrophes  was  divided  by  the  total  time  in  growth  and  pause  or  the  total  distance 
grown,  respectively.  Conversely,  the  rescue  frequency  was  calculated  by  dividing  the 
number  of  rescues  by  the  total  time  spent  shortening  or  distance  shortened. 

In  vitro  acetylated  tubulin  assay 

A549  cells  were  transiently  transfected  with  Flag-tagged  pBJ5-HDAC6  expression 
plasmids  using  FuGene  (Roche)  following  the  manufacturer’s  guidelines.  Untransfected 
cells  or  cells  transfected  with  an  empty  vector  were  used  as  controls.  In  Figure  6F,  we 
used  NIH-3t3  cells  stably  expressing  FLAG  tagged  FIDAC6-wt  and  HDAC6-mt  proteins 
and  therefore  cells  did  not  have  to  be  transfected.  Cell  lysates  were  prepared  48  hours 
after  transfection  and  then  immunoprecipitated  with  anti-Flag  M2  agarose  beads  (Sigma- 
FLAG1PT1).  Tubulin  acetylation  assays  were  performed  by  incubating  the 
immunoprecipitates  with  preformed  MAP-stabilized  microtubules  at  37  °C,  along  with 
the  appropriate  drug,  for  2  hours  as  described  previously  (35).  Reactions  were  then 
placed  on  ice  for  15  minutes  and  centrifuged  briefly  at  14,  000  rpm  to  separate  the 
supernatant  from  the  agarose  beads.  The  supernatant  was  analyzed  by  Western  blotting 
with  antibodies  against  acetylated  a-tubulin  and  against  a-tubulin  (as  described  below) 
and  the  beads  were  analyzed  with  an  antibody  against  Flag  M2  (Sigma-  F3 165;  1 :1000). 

Western  blotting 

Cells  were  plated  in  6-well  plates  at  50%  confluency  and  treated  the  next  day  with  the 
appropriate  drug  and  time  interval.  Cells  were  lysed,  centrifuged  at  15,000  rpm  for  15 
min,  and  electrophoresed  on  a  7.5%  SDS-PAGE  gel  (BCA  assay  was  used  to  determine 
protein  concentration  in  a  spectrophotometer).  Proteins  were  transferred  to  a  PVDF 
membrane  (100V  for  I  hr)  using  a  Bio-Rad  transfer  apparatus  and  blotted  with  antibodies 
against  acetylated  tubulin  (Sigma  T6793;  1:1000),  total  tubulin  (Sigma  DM  la,  1:1000), 
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HDJ-2,  acetylated  histone  H3  (Cell  Signaling;  at  1:1000),  actin,  and  HDAC6  (1:1000; 
Cell  Signaling  #2162). 


Cell  survival  and  Synergy  Assays  (Combination  Index  Analysis) 

Cells  were  plated  in  a  96-well  plate  at  2,000  cells/well  and  allowed  to  attach  overnight. 
Cells  were  then  treated  with  serial  dilutions  (1:3)  of  either  LNF  alone,  PTX  alone,  or  the 
combination  of  LNF  and  PTX  for  72  hr.  Cell  were  then  Fixed  with  50%  tri-chloro  acetic 
acid  (TCA)  for  30  min,  washed  3  times  with  water,  dried,  and  stained  with  0.4% 
sulfurhodamine  B  (SRB;  protein  stain)  for  30  min.  Cell  were  then  washed  with  0.1% 
acetic  acid,  air  dried,  and  the  bound  SRB  was  dissolved  with  lOmM  unbuffered  TRIS- 
base  (pH=  10.5).  The  plates  were  read  in  a  microplate  reader  (OD564)  and  synergy  was 
determined  using  CalcuSyn  software,  which  calculates  the  combination  index  (Cl)  based 
upon  the  percent  cell  survival  at  vary  doses  of  the  drug  treatments,  both  alone  and  in 
combination.  A  Cl  greater  than  1  indicates  antagonism,  equal  to  1  is  additivity,  and  less 
than  1  is  synergism. 
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Table  I  Analysis  of  in  vivo  microtubule  dynamics  in  the  presence  and  absence  of  LNF. 


Parameter 

Growth 


Shortening 


Pause 

Percentage  time  spent 


Dynamicity  (pm/min) 

Rescue  frequency  (events/min) 
Catastrophe  frequency  (events/min) 
Rescue  frequency  (events/pm) 
Catastrophe  frequency  (events/pm) 
Number  of  cells 
Number  of  MTs 

Values  in  bold  type  differ  significantly 
Values  are  mean  ±  SD 


Control 


LNF  10  pM 


Percent  Change 


rate  (pm/min) 

1 1.2  ±  2.1 

length  (pm) 

2.9  ±1.6 

time  (min) 

0.3  ±0.08 

rate  (pm/min) 

17.1  4.0 

length  (pm) 

5.3  ±  1.9 

time  (min) 

0.34  ±0.11 

time  (min) 

0.36  ±  0.23 

Growth 

30 

Shortening 

17 

Pause 

53 

8.1  ±4.0 

4.1  ±2.6 

0.9  ±0.8 

0.19  ±0.15 

0.33  ±  0.29 

21 

81 

7.7  ±  3.8 

-31% 

1.9  ±0.9 

-34% 

0.28  ±  0.07 

-7% 

9.9  ±  3.3 

-41% 

3.1  ±1.6 

-42% 

0.33  ±0.1 

-3% 

0.40  ±  0.2 

-11% 

17 

8.8 

74.2 

3.0  ±1.9 

-63% 

4  0  ±2.5 

-2% 

0.88  ±0.75 

-2% 

0.25  ±  0.21 

31% 

0.37  ±0.31 

12% 

23 

69 

from  control  values  at  >  99%  confidence  interval  as  determined  by  Student’s  t-test 
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Figure  legends 

Figure  1.  LNF  treatment  alters  microtubule  structure  and  increases  tubulin 
acetylation.  (A)  MCF-7  breast  cancer  cells  stably  expressing  GFP:a-tubulin  were 
observed  using  live-cell  fluorescence  microscopy  following  the  indicated  drug  treatments 
for  48  hrs.  Microtubule  bundling  is  indicated  with  solid  arrows.  Bottom  row  displays 
higher  magnification  of  microtubules  shown  in  the  top  row.  Scale  bars  are  at  10  pm.  (B). 

A  bar  graph  depicting  the  number  of  cells  containing  microtubule  bundles  following  drug 
treatments  shown  in  A.  Asterisks  denote  a  significant  difference  in  the  percentage  of  cells 
having  microtubule  bundles  compared  to  control  (p<0.05).  Error  bars  are  standard 
deviation  (C)  A549  cells  were  treated  with  LNF  for  48  hrs  and  microtubules  were 
visualized  by  immunofluorescence  labeling  using  an  antibody  against  acetylated  a- 
tubulin.  Treatment  with  PTX  is  included  as  a  positive  control.  Scale  bars  are  at  10 
pm.  (D)  Western  blot  analysis  against  total  a-tubulin  (top  row)  and  acetylated  tubulin 
(bottom  row)  on  the  polymerized  (P)  and  soluble  (S)  fraction  of  protein  lysates  from 
A549  cells  treated  with  the  indicated  drug  concentrations  for  48  hrs.  The  relative 
percentage  of  polymerized  tubulin  for  each  drug  treatment  is  denoted  as  (%P). 

Figure  2.  LNF  treatment  suppresses  microtubule  dynamics  in  living  MCF-7  cells. 

(A)  Time  lapse  sequences  of  microtubules  in  untreated  living  MCF-7  cells  stably 
expressing  GFP:a-tubulin.  Arrows  depict  dynamic  microtubules  that  change  length  over 
the  course  of  16s.  Black  arrows:  microtubule  shortening,  white  arrows:  microtubule 
growth,  dashed  arrows:  paused  microtubules.  Scale  bars  are  5  pm.  (B)  Individual 
microtubule  life-history  plots  from  control  untreated  cells  or  cells  treated  with  10  pM 
LNF  for  48  hrs.  Growth  events  are  seen  as  an  increase  in  distance  from  a  fixed-point  (y- 
axis)  over  time  (x-axis)  and  shortening  events  show  a  decrease  in  distance  over  time. 

Figure  3.  LNF  and  PTX  synergistically  increase  acetylated  tubulin,  mitotic  arrest 
and  apoptosis.  (A)  Flow  cytometry  was  performed  with  an  acetylated  tubulin  antibody  in 
A549  cells  treated  with  the  indicated  drugs.  Bar  graph  representation  of  acetylated 
tubulin  levels  by  after  16  hr  of  drug  treatment.  Each  bar  represents  the  mean  fluorescence 
for  acetylated  tubulin  relative  to  that  of  control  untreated  cells  (FTI=lonafamib).  (B) 
Acetylated  tubulin  immunofluorescence  of  cells  treated  with  LNF  and  PTX,  both  alone 
and  in  combination,  for  16  hr  and  32  hr.  (C)  A  bar  graph  showing  cell  cycle  analysis  for 
1 6  and  32  hr  of  treatment  with  the  combination  of  LNF  and  PTX. 

Figure  4.  The  synergistic  increase  in  acetylated  tubulin  caused  by  LNF  and  PTX 
treatment  correlate  with  farnesyl  transferase  inhibition  and  mitotic  arrest 

(A)  Western  blot  analysis  for  acetylated  tubulin,  HDJ-2  (N=  non-farnesylated  band,  F= 
farnesylated  band),  and  total  tubulin  following  LNF  and/or  PTX  treatment  over  time.  (B) 
Bar  graph  representation  of  percent  mitosis  assessed  by  DNA  staining,  performed  in 
parallel  and  with  the  same  drug  treatments  over  time  as  in  A.  Error  bars  are  standard 
deviation. 

Figure  5.  The  synergistic  combination  of  LNF  and  a  taxane  prevents  HDAC6 
tubulin  deacetylation  in  vitro  and  is  dependent  on  HDAC6  functionality 
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(A)  Representative  western  blots  of  acetylated-a-tubulin,  total-tubulin  and  Flag, 
following  immunoprecipitation  (IP)  from  A549  cells  transfected  with  either  Flag- 
HDAC6-WT  or  Flag-HDAC6-mut.  Prior  to  western  blotting  the  Flag-IP  complexes  were 
incubated  in  vitro  with  pre-assembled  purified  bovine  brain  microtubule  protein  in  the 
presence  of  the  various  drugs,  to  determine  the  tubulin  deacetylase  activity  of  HDAC6 
(left  hand  blot).  (B)  Western  blotting  of  acetylated  tubulin  after  treatment  with  tubacin,  a 
specific  HDAC6  inhibitor,  both  alone  and  in  combination  with  PTX.  TSA  was  used  as 
additional  positive  control  for  pan-HDAC  inhibition.  As  a  control  for  total  tubulin  levels, 
blots  were  reprobed  for  a-tubulin.  (C)  Immunofluorescence  analyses  of  acetylated  tubulin 
in  N1H-3T3  cells  stably  expressing  either  HDAC6-wt  (wild-type)  or  HDAC-mut 
(catalytically  inactive  mutant),  following  16  hr  drug  treatments  as  indicated.  (D)  A  bar 
graph  assessing  synergy  between  LNF  and  docetaxel  in  HDAC6-wt  and  HDAC6-mut 
using  combination  index  analysis.  The  LNF/docetaxel  combination  is  synergistic  in 
HDAC6-wt  (Cl  <1)  but  is  antagonistic  in  HDAC6-mt  cells  (Cl  >1).  Error  bars  are 
standard  deviation.  (E)  Representative  western  Blots  of  acetylated-a-tubulin,  total-tubulin 
and  HDAC6  following  immunoprecipitation  (IP)  from  NIH-3T3  cells  stably  expressing 
FIag-HDAC6-WT.  Prior  to  western  blotting  the  Flag-IP  complexes  were  incubated  in 
vitro  with  pre-assembled  purified  bovine  brain  microtubule  protein  in  the  presence  of  the 
various  drugs,  to  determine  the  tubulin  deacetylase  activity  of  HDAC6.  The  in  vitro 
effects  of  TSA  (pan-HDAC  inhibitor),  LNF,  and  docetaxel  (DTX)  on  acetylated  a-tubulin 
are  shown. 
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